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Preface 
  
“Living beings comprise a whole sequence of levels forming [such] a hierarchy. 
(…) Each level relies for its operations on all the levels below it. Each reduces the scope 
of the one immediately below it by imposing on it a boundary that harnesses it to the 
service of the next-higher level, and this control is transmitted stage by stage, down to 
the basic inanimate level. (...) Each separate level of existence is of course interesting in 
itself and can be studied in itself.” (Polanyi, 1968) 
“The ability to reduce everything to simple fundamental laws does not imply the 
ability to start from those laws and reconstruct the universe. (…) At each stage entirely 
new laws, concepts, and generalizations are necessary, requiring inspiration and 
creativity to just as great a degree as in the previous one. We expect to encounter 
fascinating and, I believe, very fundamental questions at each stage in fitting together 
less complicated pieces into the more complicated system and understanding the 
basically new types of behaviour which can result.” (Anderson, 1972) 
 
In the research field of desiccation tolerance (DT), we aim to ‘unfold’ the 
different underpinnings of life without water in tolerant plant species in order to 
‘unlock’ this process in non-tolerant species. The idea of ‘unlocking’ DT arises in a 
context where food productivity and security are increasingly challenged by 
environmental changes such as increased drought, while the world population is 
predicted to steadily grow to over 8.3 billion of people in the year 2030 (FAO, 2017). In 
the development of new technologies to tackle these challenges, raising ‘basic’ 
questions and conducting fundamental research are of pivotal importance. 
In this thesis I will present results of a study encompassing genomics, evolution, 
protein biochemistry, and molecular biology, and then go to a more general and 
speculative discussion of the main findings. Such a multilevel approach can aid to the 
comprehension of the complexity of the different levels that the process of DT involves, 
and can provide transferrable knowledge to produce more stress-tolerant crops. 
  
 
 
 
 
 
  Mariana Aline Silva Artur 
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General Introduction 
Water to land transition: Inception 
 
The colonization of land by plants occurred approximately 500 million years ago, and 
has massively impacted the terrestrial biosphere. Land plants (embryophytes) evolved 
from a diverse group of green algae known as streptophyte algae (charophycean 
algae), a group believed to pre-display features that were relevant for the successful 
conquest of land (Becker and Marin, 2009; Kenrick and Crane, 1997; Wodniok et al., 
2011). Some of the major features for survival on dry land included a series of major 
innovations in the plant body anatomy, physiology, and biochemistry, as well as 
adaptive traits such as the formation of an embryo, alternation of generations, cuticles, 
stomata, and vascularization (de Vries and Archibald, 2018). The algal ancestor of 
embryophytes is believed to have possessed the ability to equilibrate the cellular water 
status with that of the environment, which may, consequently, lead to desiccation 
under water-limiting conditions (de Vries and Archibald, 2018; Kenrick and Crane, 
1997). Only a few organisms such as lichens, mosses and a few vascular plants, 
collectively termed resurrection species, still display such ability. 
During evolution, duplication and adaptive specialization of pre-existing genes 
and gene families contributed to the evolution of novelties and plant diversity (Flagel 
and Wendel, 2009). In this sense, it is likely that genes and gene families, pre-existing 
in the ancestral green algae genome, gave rise to an essential set of genes necessary 
for the establishment and adaptation of resurrection species in harsh environments. 
Desiccation tolerance (DT), the tolerance to water removal from the cell and ability to 
re-establish normal metabolic activity after water is available again (Alpert, 2000; 
Leprince and Buitink, 2010; Oliver et al., 2000), represents one of the key strategies for 
radiation and colonization of resurrection plants in extreme environments such as rock 
outcrops. In plants, DT is found in most seeds, pollen, spores, bryophyte gametophytes, 
and lichens (Smirnoff, 1993). 
But, what are the mechanisms by which plants tolerate desiccation (Alpert, 
2000)? Recent advances in genomic, molecular, and biochemical studies of desiccation 
tolerant species have shown that multiple mechanisms work in a concerted manner to 
allow cellular protection and repair against oxidation and loss of macromolecular that 
may occur during dehydration and rehydration. The players of the protective 
component of DT correspond to the final line of downstream responses that is initiated 
via a complex hormonal signalling pathway. 
This general introduction puts the chapters of this thesis into context by 
reviewing the scientific literature on the evolution and molecular basis of DT with a 
focus on Late Embryogenesis Abundant proteins (LEAs) as a specific player of the 
cellular protective responses against desiccation-induced damage. 
 Page | 11 
 
General Introduction 
Survival in a dry world: Provenance 
 
Plants may survive water deficit stress by avoiding removal of water from their 
structures through an active maintenance of cellular homeostasis (homoiohydry), or via 
passive equilibration of the cellular water with that of the environment (poikilohydry) 
(de Vries and Archibald, 2018). The latter is coupled with DT, which is achieved via 
remarkable physiological, anatomical, and molecular adaptations. 
Desiccation is the complete loss of free water from the cellular structures to 
about 0.1g H2O g-1 dry mass (Alpert, 2005). A variety of microbes, animals and plants 
can survive extremely intense and prolonged periods of desiccation. Amongst animals 
DT is commonly found in nematodes, rotifers, arthropods and tardigrades (Browne et 
al., 2002; Gusev et al., 2014; Kikawada et al., 2006; Tunnacliffe et al., 2005). In plants DT 
is rare in adult pteridophytes and spermatophytes, but common in their spores, pollen, 
and seeds, as well as in a few species of bryophytes and adult angiosperm species 
commonly named ‘resurrection plants’, which display variable degrees of DT (Oliver et 
al., 2000). 
The small number of angiosperm resurrection species is due to constraints such 
as size and geographic localization, since most of the desiccation tolerant species 
display slower growth and are rarely found in wetter environments (Alpert, 2005; Oliver 
et al., 2000). DT can vary within populations, families, genera, species and even between 
body parts of the same individual. Often, DT species are also more tolerant to other 
stresses such as heat and cold, which is also related to their wide ecological, 
morphological, biogeographical and taxonomical range (for a review see Alpert, 2000). 
The current hypothesis on the evolution of DT, also named the co-option 
hypothesis, states that during the evolution and radiation of plants, vegetative DT 
commonly found in bryophytes was lost due to constraints such as plant size and 
evolution of morphological complexity and became confined to reproductive 
structures such as pollen and orthodox seeds (Oliver et al., 2000). This hypothesis 
suggests that the DT displayed in seeds evolved from an ancestral form of vegetative 
DT, and later in evolution the mechanisms of DT could be successfully activated in 
vegetative structures of resurrection angiosperm species (Farrant and Moore, 2011; 
Oliver et al., 2000). 
Over the years, researchers in the DT field have been looking for evidences that 
support this co-option hypothesis. Some interesting reviews have already summarized 
the main findings on the evolution, physiology, molecular mechanisms, genetics, 
transcriptomics, proteomics, and metabolomics of DT in seeds and resurrection plants 
which will not be extensively discussed in this introduction (reviewed by Dinakar and 
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Bartels (2013), Farrant and Moore (2011), Gechev et al. (2012), Hilhorst et al. (2018), 
Illing et al. (2005), and Oliver et al. (2000). 
Some of the major DT mechanisms commonly found in resurrection plants and 
orthodox seeds consist of arrested growth, inhibition of metabolic activity and 
activation of protective mechanisms (Costa et al., 2017a; Hilhorst et al., 2018). The latter 
has called particular attention in recent years due to its potential for improving stress 
tolerance, with emphasis on drought tolerance, in crops. 
 
Decoding DT in resurrection genomes: Distinction 
 
Since the discovery and characterization of its double-helix structure (by  Franklin and 
Gosling (1953) and Watson and Crick (1953)), DNA is undeniably known to hold the 
major genetic information that is transferred through generations, offering the source 
of genetic variability on which evolutionary forces work. A genome is the conjunct of 
genetic information present in the DNA, whether or not translated into RNA, that has 
been evolutionarily selected to build and maintain the life of an organism. 
The development of DNA sequencing technologies has revolutionized the way 
we study genomes and organisms, allowing a faster advance on studies of evolution, 
comparative genomics, molecular biology, and genetics. From massively parallel DNA 
sequencing technologies, it is now possible to perform real-time single-molecule 
sequencing. In combination, such techniques may facilitate the study of genome 
diversity in populations, individuals, as well as different cell types within one organism, 
and allow better assessment of evolutionary history, ancestry, and the fate-decision of 
cells during development (Shendure et al., 2017). The advances in these techniques 
leave us with an enormous amount of data that, well analysed, will have an impact on 
our knowledge of life. 
Genome sequencing techniques in combination with transcriptome analysis 
have been applied to comprehend plant evolution and physiology. In the field of DT, 
the availability of genome sequences of basal (bryophyte and lycophyte) and 
angiosperm resurrection species (monocots and eudicots) is enabling the evolutionary 
assessment of the genomic signatures of DT (Table 1). 
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Table 1 - DT species with sequenced genome. 
Species Clade Genome size PCG* Reference 
Physcomitrella patens Bryophyte ~500Mb 35,938 Rensing et al., 2007 
Selaginella lepidophylla Lycopodiophyta ~109Mb 27,204 VanBuren et al., 2018 
Selaginella tamariscina Lycopodiophyta ~301Mb 27,761 Xu et al., 2018 
Xerophyta viscosa Monocots ~295.5Mb 25,425 Costa et al., 2017 
Oropetium thomaeum Monocots ~245Mb 28,466 VanBuren et al., 2015; 2017 
Boea hygrometrica Eudicots ~1,691Mb 49,374 Xiao et al., 2015 
*PCG – Predicted protein-coding genes. 
 
 Many DT features already described at the physiological level are now being 
demonstrated at the genomic level, and new features have been discovered thanks to 
the assessment of whole genome sequences. This information enables us to zoom in 
on the key genomic features responsible for the DT phenotype, facilitating a better 
assessment of this trait in resurrection species and the comparison with closely-related 
non-resurrection species, the so-called sister-lineage approach. 
 The genomes and transcriptomes of basal resurrection plants have revealed the 
loss of genes associated with the aquatic lifestyle, the development of hormonal 
signalling pathways (such as auxin and abscisic acid-ABA), and acquisition of genes and 
expansion of gene families necessary for light, osmotic- and thermo-regulation in the 
terrestrial lifestyle, such as early-light induced proteins (ELIPs) and late embryogenesis 
abundant proteins (LEAs) (Khraiwesh et al., 2015; Rensing et al., 2008; VanBuren et al., 
2018; Xu et al., 2018).  
 In angiosperm resurrection plants the co-option hypothesis has been supported 
by the observation of expansion and increased activity of gene families typically 
associated with DT in seeds. The molecular and genomic signatures of seeds in 
vegetative tissues of resurrection plants have been demonstrated by the involvement 
of similar genes, gene families and pathways that work downstream of the ABI3 
(ABSCISIC ACID-INSENSITIVE3) transcription factor, the so-called ABI3-regulon, which 
is responsible for the shutdown of photosynthesis and activation of cellular protective 
processes (Monke et al., 2012). ABI3 has been demonstrated to be one of the master 
regulators of the acquisition of DT and longevity in orthodox seeds during embryo 
development (Delahaie et al., 2013; Monke et al., 2012). In seeds, ABI3 is one of the 
major regulators of LEA protein expression (Delahaie et al., 2013; Giarola et al., 2017), 
and, interestingly, the same was observed in the moss Physcomitrella patens (Shinde 
et al., 2012; Yotsui et al., 2016), suggesting that protective mechanisms of DT, mainly 
the ones related to the functioning of LEAs, are conserved across basal resurrection 
plants, orthodox seeds and vegetative tissues of angiosperm resurrection species. 
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Unfolding plant DT: Protection 
 
As plants are sessile organisms, molecular mechanisms that enable protection of 
subcellular structures in conditions of water limitation seem an obvious adaptive trait 
that has greatly contributed to the successful colonization of land. 
In most plants, the complex responses to water stress are initiated by a signal 
transduction pathway mediated by increased endogenous levels of ABA, which triggers 
physiological responses such as stomatal closure, resulting in decreased transpiration 
and limitation of photosynthesis and plant growth (Hsiao, 1973; Osakabe et al., 2014). 
As a consequence, a subsequent increase in the generation of reactive oxygen species 
(ROS) may cause oxidative damage of membranes and proteins (Smirnoff, 1993). 
Oxidative damage is a result of metabolic imbalances which occur due to changes in 
metabolic rates under stress. Often, water stress is accompanied by high light intensity 
and heat, which enhances the misregulation of metabolic reactions and ROS formation 
that can lead to irreversible cellular damages and subsequent plant death. 
In basal resurrection plants such as the bryophytes, the primitive mechanisms of 
DT involve predominantly molecular mechanisms of protection and repair during 
desiccation and rehydration, which is partially similar to those of orthodox seeds and 
vegetative tissues of angiosperm resurrection plants (Oliver et al., 2000). These 
mechanisms are also conserved in the other kingdoms of life that display DT (Vitt et al., 
2014). 
In angiosperm resurrection plants the protective mechanisms of DT include 
several components, distributed between morpho-anatomical and molecular 
strategies. Morpho-anatomical strategies include leaf curling, rolling or folding, in 
order to provide protection to the photosynthetic machinery (‘homoichlorophylly’). A 
more drastic strategy can occur at the molecular level and consists of the breakdown 
of chlorophyll, disassembly of chloroplasts and synthesis of anthocyanin 
(‘poikilochlorophylly’) (Alpert, 2000). Both strategies are accompanied by the activation 
of antioxidant systems and accumulation of protective molecules such as sugars and 
molecular chaperone proteins, such as heat shock-proteins (HSPs) and LEA proteins 
that work as osmoprotectants (Moore et al., 2007). 
Under low water availability, sugars and LEA proteins can form intra-cellular 
glasses that help to stabilize membranes, avoid solute leakage, control water and ion 
uptake, and slow down oxidative reactions; conferring long-term stability to the 
cytoplasm in the dry state (Buitink and Leprince, 2004; Crowe et al., 1992; Wise and 
Tunnacliffe, 2004). Thus, the ability to synthesize protective molecules at a right 
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proportion and at the correct moment is a successful ability of both seeds and 
resurrection plants to achieve DT, and to re-establish normal metabolic activity post-
rehydration. 
Despite the importance for survival of resurrection plants and orthodox seeds 
under desiccation, the accumulation of sugars seems not always to be necessary for DT 
outside of the plant kingdom (Hengherr et al., 2008; Lapinski and Tunnacliffe, 2003). 
On the other hand, the accumulation of LEA proteins (or LEA-like proteins) is also 
commonly observed in kingdoms other than Plantae (Wise, 2003). These observations 
might suggest that LEAs are indispensable for DT establishment in living organisms. 
  
A brief history of LEA proteins 
In plants, LEAs were first discovered in cotton seeds, as distinct sets of mRNAs 
accumulating during the desiccation phase in the later stages of embryo development 
(Dure et al., 1981b; Galau et al., 1986). The expression of some of these mRNAs was 
found to be induced by endogenous ABA which led to differential protein accumulation 
patterns, sometimes hours after the detection of their respective mRNA, revealing that 
their regulation occurs at both the transcriptional and posttranscriptional levels during 
seed maturation (Chatelain et al., 2012; Espelund et al., 1992; Galau et al., 1987; Hughes 
and Galau, 1987; Hughes and Galau, 1991; Verdier et al., 2013). 
Seeds that display a prolonged desiccation phase during maturation are called 
orthodox seeds and, contrary to recalcitrant seeds, can be stored for long periods of 
time in the dry state without losing their germination ability (Dekkers et al., 2015; 
Marques et al., 2018). During the development of orthodox seeds, embryogenesis and 
maturation constitute two important phases that are, respectively, important for the 
formation of the basic root-shoot body pattern and the acquisition of important traits 
such as dormancy, longevity and storability (Angelovici et al., 2010; Bewley et al., 2012; 
Leprince et al., 2017; Ooms et al., 1993b; Vicente-Carbajosa and Carbonero, 2005). 
Expression of LEAs was found to be affected in mutants of ABI3 (Finkelstein, 
1993; Nambara et al., 1995; Ooms et al., 1993b). Later, it was found that LEAs work 
downstream of ABI3, being part of the ABI3 regulon of essential genes for seed DT 
(Delahaie et al., 2013; Monke et al., 2012). Interestingly, it was found that the expression 
of a subset of LEA genes is controlled by the transcription factor ABI5, which physically 
interacts with ABI3, and also regulates seed maturation and longevity (Bies-Etheve et 
al., 2008; Carles et al., 2002; Lopez-Molina et al., 2002; Zinsmeister et al., 2016). Even 
more interesting was the finding that a protein encoded by a gene controlling seed 
dormancy, DELAY OF GERMINATION 1 (DOG1), physically interacts with ABI3 and 
affects the expression of the ABI5 gene, thus leading to altered LEA expression patterns 
C
ha
pt
er
 1
 
 
Page | 16 
 
General Introduction 
(Bentsink et al., 2006; Dekkers et al., 2016). These findings suggests that LEAs may be 
similarly important for seed DT, longevity, and dormancy.  
Other studies have shown that LEA expression may also be induced by 
exogenous application of ABA and by other water-related stresses such as salinity, cold, 
heat and drought (Amara, 2014; Delseny et al., 2001; Espelund et al., 1995; Hughes and 
Galau, 1991; Maia et al., 2011). LEA mRNA expression was also found to be reactivated 
in desiccation sensitive tissues of germinated seeds treated with an osmoticum such as 
polyethylene glycol (PEG) (Maia et al., 2011) and of seedlings of Xerophyta viscosa 
treated with ABA (Costa et al., 2017a). These findings suggest an universal role for these 
proteins in modulating cellular homeostasis under stress and corroborates the 
hypothesis that LEA genes are essential players of the protective component of DT. 
Due to the large number of LEA genes expressed during desiccation in seeds of 
several species and vegetative tissues of resurrection plants, several attempts have 
been made over the years to classify LEAs in order to infer knowledge about common 
biological functions. Suggested classifications have been based on temporal patterns 
of expression and inducibility by ABA (Hughes and Galau, 1989), amino acid sequence 
(Bies-Etheve et al., 2008; Dure, 1993; Dure et al., 1989a), peptide composition using a 
computational approach (Tunnacliffe and Wise, 2007; Wise, 2003; Wise and Tunnacliffe, 
2004) or motif composition (Battaglia et al., 2008; Hunault and Jaspard, 2010; 
Hundertmark and Hincha, 2008) (Table 2).  
 
Table 2 – Main classification of LEA proteins. 
PFAM 
Dure et al., 
1989 
Bray 
1993 
Tunnacliffe 
and Wise, 2007 
Battaglia et 
al., 2008 
Bies-Ethève 
et al., 2008 
Hundertmark and 
Hincha, 2008 
LEAPdb 
2010 
PF00257 D11 Group2 Group2 Group2 Group2 Dehydrin Class1 to 4 
PF00477 D19&D132 Group1 Group1 Group1 Group1 LEA_5 Class5 
PF02987 
D7 Group3 Group3 Group3A Group6 
LEA_4 Class6 D29 Group5 ... Group3B ... 
PF03168 D95 ... ... Group5C Group7 LEA_2 Class7&8 
PF03242 D73 ... LEA5 Group5B Grou6 LEA_3 Class9 
PF03760 
... 
Group4 Group4 
Group4A 
Group4 LEA_1 Class10 D113 Group4B 
PF04927 D34 Group6 Group6 Group5A Group5 SMP Class11 
PF10714 ... ... ... 
Group6 
Group8 PvLEA18 Class12 Group7 
Retrieved from LEAPdb (http://forge.info.univ-angers.fr/~gh/Leadb/index.php) (Hunault and Jaspard, 
2010). 
 
Despite extensive efforts, different authors prioritize distinct classifications, 
revealing that a consensus nomenclature is still far from being adopted. Most of the 
difficulties in classifying LEAs have their origin in the high variability of gene expression 
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patterns and protein accumulation profiles, as well as low amino acid sequence 
conservation. 
In order to infer commonalities among LEA protein functions, recent studies 
have attempted to characterize LEAs of different plant species, not only at a molecular 
and functional level, but also at the genomic level. Genome-wide identification of LEA 
genes has been performed in several species, including rice (Oryza sativa) (Wang et al., 
2007), Arabidopsis thaliana (Bies-Etheve et al., 2008; Hundertmark and Hincha, 2008), 
potato (Solanum tuberosum) (Charfeddine et al., 2015), black cottonwood (Populus 
trichocarpa) (Lan et al., 2013), chinese plum (Prunus mume) (Du et al., 2013), legumes 
(Battaglia and Covarrubias, 2013), tomato (Solanum lycopersicum) (Cao and Li, 2015), 
sweet orange (Citrus sinensis L. Osb.) (Pedrosa et al., 2015), maize (Zea mays) (Li and 
Cao, 2016), rapeseed (Brassica napus) (Liang et al., 2016), melon (Cucumis melo) and 
water melon (Citrullus lanatus) (Altunoglu et al., 2017), and three cotton genotypes 
(Magwanga et al., 2018). In this thesis we propose that the variable distribution of LEA 
families in angiosperm genomes, and the distinct origins and evolutionary patterns are 
one of the sources of the high protein variability and difficulties in their classification. 
 
LEA protective function: One fold matters 
 
It is now becoming clear that the appearance of LEA protein families have contributed 
to the evolution of DT in the different kingdoms of life. The question now is: What do 
LEA proteins do? This question was already raised by (Wise and Tunnacliffe, 2004) in 
their ‘POPP the question’ publication, wherein the authors developed a computational 
approach to investigate LEA protein structure and infer common functions.  
Most LEA proteins are hydrophilic and small (Battaglia et al., 2008; Dure et al., 
1989b; Garay-Arroyo et al., 2000). These characteristics render heat-stability and enable 
anti-aggregation and protein stabilizing properties (Amara, 2014; Chakrabortee et al., 
2007; Goyal et al., 2005c). Furthermore, several LEAs are also intrinsically disordered 
proteins (IDPs) as they lack secondary structure in solution (Tompa, 2012; Uversky, 
2002; Uversky, 2009). As IDPs, LEAs display local folding transition induced by changes 
in their environment such as alteration in temperature, pH, presence of binding targets, 
osmolites, and variable solvent concentrations (Bremer et al., 2017; Cuevas-Velazquez 
et al., 2016; Hundertmark et al., 2012; Mouillon et al., 2006; Popova et al., 2011; Rivera-
Najera et al., 2014; Shih et al., 2012; Shih et al., 2010; Soulages et al., 2002; Uversky, 
2009). Under desiccation, some LEAs will progressively adopt secondary structure, 
which has implications for their physiological role (Figure 1) (Olvera-Carrillo et al., 
2011). 
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Figure 1 – Desiccation-induced folding of intrinsically disordered LEA proteins promotes 
cellular stability. During desiccation, the water content of the cell decreases which can cause 
loss of structures of macromolecules. Some LEA proteins acquire higher degree of secondary 
structure in lower cellular water content, being able to protect the intracellular milieu. The cell 
wall is represented in dark green, the plasma membrane in light green, and the hydration shell 
indicated in blue surrounding LEA proteins (in pink). Grey – vacuole, purple - nucleus and 
nucleolus, dark blue - endoplasmic reticulum and ribosomes, dark orange - Golgi apparatus 
and Golgi vesicles, yellow - mitochondria, green – chloroplasts. 
 
The presence of intrinsically disordered regions (IDRs) seems to facilitate the 
formation of homo- and heterodimers, and the interaction of functional binding motifs 
with multiple targets (Cuevas-Velazquez et al., 2016; Hernandez-Sanchez et al., 2017; 
Popova et al., 2015; Tolleter et al., 2007). The IDP characteristic is thought to facilitate 
glass formation in the cytosol, thus trapping cellular macromolecules into an 
amorphous matrix and, hence, avoiding aggregation (Boothby et al., 2017; 
Chakrabortee et al., 2010). Some LEAs are indeed able to protect enzymes from thermal 
and chemical inactivation and aggregation, acting as ‘molecular shields’ by forming a 
physical barrier, or as molecular chaperones by interacting and modulating enzyme 
conformation under stress (Agarwal et al., 2017; Furuki and Sakurai, 2016; Goyal et al., 
2005c; Halder et al., 2017; Kovacs et al., 2008; Liu et al., 2016b; Nakayama et al., 2007). 
However, not all LEA proteins are predicted to display an IDP character (Wise 
and Tunnacliffe, 2004) and despite the development of several IDP and IDR prediction 
tools, the ability to undergo disorder-to-order transitions can only be proven with in 
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vitro analysis. Thus, their actual in vivo appearance and possible functions are still 
regarded as putative. 
Nowadays, the most common ways used to investigate if a protein displays an 
IDP structure are performed with a combination of in silico predictions together with 
in vitro experimental analyses using techniques such as X-Ray crystallography, Nuclear 
Magnetic Resonance (NMR) and Circular-Dichroism (CD) spectroscopy. X-ray 
crystallography and NMR are the two primary methods to study protein structure at 
high resolution which, in combination, increases the power of solving protein structures 
(Yee et al., 2005). Despite limitations in its power, acquisition of CD-spectra is a quicker 
method, requires lower amounts of purified proteins and less extensive data processing 
and gives insight into environment-induced folding of IDPs, being of advantage as a 
preliminary method to pre-select candidates before using more extensive methods 
(Receveur-Brechot et al., 2006). 
Heterologous expression of IDPs in Escherichia coli can give insights into their 
function in vivo. Several LEA proteins displaying IDP characteristics were shown to 
enhance bacterial growth and survival under stressful conditions (Boothby et al., 2017; 
Drira et al., 2015; Gao and Lan, 2016; Hu et al., 2016; Jiang et al., 2017; Ling et al., 2016; 
Liu et al., 2016a; Rakhra et al., 2017; Saucedo et al., 2017; Shi et al., 2016; Wang et al., 
2017; Zhang et al., 2014; Zhou et al., 2017). Also, ectopic (over-) expression of individual 
LEAs in plants has been shown to be beneficial for plant survival (Babu, 2004; Chen et 
al., 2015; Fu et al., 2007; Xiao et al., 2007). 
 
The scope of this thesis 
 
This thesis encompasses genomic, transcriptomic, gene family evolution, molecular, 
biochemical, and physiological principles and tools in order to understand the basis of 
DT, with a focus on the role of LEA proteins in seeds and resurrection plants (Figure 2).  
In Chapter 2 I provide an overview of the genomic and transcriptomic features 
of the monocot resurrection species Xerophyta viscosa, and provide insight into the 
contribution of molecular mechanisms, such as the expression of LEA proteins, to the 
DT phenotype. In Chapter 3 I explore the myriad of LEA genes in the genome of 60 
species using comparative genomics and phylogeny, in order to investigate LEA 
evolution, conservation, and diversification in the plant lineage. In Chapter 4 I 
performed a comprehensive structural analysis of six X. viscosa LEA proteins using CD-
spectroscopy combined with in silico, in vitro, and in vivo analysis of their putative 
function. One of the X. viscosa LEA proteins was further investigated in an heterologous 
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expression system in the model plant species Arabidopsis thaliana, confirming its role 
in plant stress tolerance.  
Knockout and knockdown mutants of LEA genes of A. thaliana were investigated 
in Chapter 5 to understand the contribution of specific LEA proteins to seed traits such 
as DT, longevity, dormancy, and germinability. 
In Chapter 6 I place all the chapters into a global context, and discuss how this 
study improves our understanding about the contribution of LEAs to plant DT. Also, I 
provide examples for the applicability of this knowledge in the scientific and public 
communities, and future perspectives for this research. 
 
 
Figure 2 – Schematic representation of the chapters and the main analysis performed in this 
thesis. 
 
 
 
 
 
 
Note added in proof: The official alteration of the scientific name of Xerophyta viscosa (Baker) to Xerophyta 
schlechteri (Baker) N.L.Meneses is currently under discussion. 
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Summary 
Desiccation tolerance is common in seeds and various other organisms but only a few 
Angiosperm species possess vegetative desiccation tolerance. These ‘resurrection 
species’ may serve as ideal models for the ultimate design of crops with enhanced 
drought tolerance. To understand the molecular and genetic mechanisms enabling 
vegetative desiccation tolerance we produced a high-quality whole-genome sequence 
for the resurrection plant Xerophyta viscosa and assessed transcriptome changes 
during its dehydration. Data revealed induction of transcripts typically associated with 
desiccation tolerance in seeds, and involvement of orthologues of ABI3 and ABI5, both 
key regulators of seed maturation. Dehydration resulted in both increased, but 
predominantly reduced transcript abundance of genomic ‘clusters of desiccation-
associated genes’ (CoDAGs), reflecting the cessation of growth that allows for the 
expression of desiccation tolerance. Vegetative desiccation tolerance in X. viscosa was 
found to be uncoupled from drought-induced senescence. We provide strong support 
for the hypothesis that vegetative desiccation tolerance arose by redirection of genetic 
information from desiccation tolerant seeds. 
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Main 
 
The grass family (Poaceae) is arguably the most important contributor to global food 
security. However, poaceous staple crops, such as maize, corn, rice, and wheat do not 
survive the extreme water loss that is inevitably brought about by extended periods of 
drought. In contrast, their seeds are desiccation tolerant, and they can be dried to water 
contents as low as 1-5% on a fresh weight basis without losing viability (Kermode, 
1997).There are some 135 angiosperm species, termed “resurrection plants”, which 
produce desiccation tolerant seeds and possess desiccation tolerant vegetative tissues 
(Black and Pritchard, 2002; Gaff, 1971; Porembski, 2011). Vegetative desiccation 
tolerance (DT) first arose with the transition from aquatic to terrestrial life forms, when 
both the probability of experiencing adverse conditions and the survival cost of such 
conditions were high. As plants expanded into terrestrial habitats and developed 
tracheids to move water from the substrate to their aerial parts and more complex 
ecosystems were established, the slow growth characteristic of desiccation tolerant 
plants was limiting their competitive ability. This favoured the loss of DT in vegetative 
tissues, the development of mechanisms to prevent water loss (physiological and 
morphological) and the confinement of DT to seeds, spores and pollen grains where it 
was required for dispersal and preservation of genetic resources (Alpert, 2006; Oliver 
et al., 2005). It has been proposed that vegetative DT reappeared in the angiosperms, 
presumably in response to colonization of environmentally demanding habitats, in at 
least thirteen separate lineages to evolve the present day resurrection plants (Oliver et 
al., 2000; Oliver et al., 2005; Porembski, 2011). 
The myriad of genetic changes experienced in the evolution of resurrection 
plants that enabled vegetative DT are not completely understood. An improved 
understanding of these changes will aid the development of crop improvement 
strategies for tolerance of water loss and survival of extreme drought conditions 
(Farrant et al., 2015). The pressure to develop such crop varieties has been intensified 
by predictions of a near future with increased drought and declining water resources 
in the world’s main agricultural areas (Dai, 2013). This pressure is strongest in 
developing countries, which struggle to maintain robust breeding capabilities and need 
support to develop stress tolerant crops critical for food security (Farrant et al., 2015). 
In this context, the study of resurrection plants, such as Xerophyta viscosa 
(Velloziaceae), will bring valuable information to bear on improving stress tolerance in 
crops. X. viscosa (Figure 1) is a monocotyledonous plant species and, thus, 
phylogenetically closely related to staple cereal crops. It is thus an ideal model for 
understanding plant requisites to tolerate extreme dehydration. 
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Figure 1 - X. viscosa phenotypes. The chasmophytic nature of growth in the natural 
environment (a), a typical fully dehydrated plant (withholding water from the whole plant over 
a period of 25 days until < 5% RWC) (b) and rehydrated plant (at full turgor after 5 days of 
watering) (c). 
 
We have produced a high-quality whole-genome sequence and assembly for X. 
viscosa from a mixed data set of Illumina and Pac-Bio reads along with a full assessment 
of the transcriptomal changes that occur in young seedlings in response to exogenous 
abscisic acid (ABA) and in adult plants during desiccation and rehydration. 
 
A high-quality octoploid genome assembly 
 
The source of genomic DNA consisted of individuals (five for Illumina and one for 
PacBio sequencing) grown from seeds harvested from a population of X. viscosa 
collected from the Buffelskloof Nature Reserve (Mpumalanga Province, South Africa). 
X. viscosa has a high level of heterozygosity due to self-incompatibility. High levels of 
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heterozygosity could cause several haplotypes to be assembled in different contigs 
causing duplicates in the final haploid assembly. However, we used Falcon (Chin et al., 
2016) which is a tool designed to deal with high levels of heterozygosity and, thus, no 
measures were taken to reduce genome complexity. The genome was sequenced and 
assembled (Boetzer and Pirovano, 2014; Song et al., 2014; Ye et al., 2016; Ye et al., 2012) 
using a whole-genome shotgun approach which combined 23 Gb of raw paired-end 
Illumina reads (~77× coverage) and 17.5 Gb of PacBio long reads (~58× coverage). 
This high-quality assembly covers 99.8% of the genome and consists of 1,811 contigs 
and 896 scaffolds (Table 1). 
 
Table 1. Properties of the X. viscosa genome. N50 – scaffold size above which 50% of the 
total length of the sequence assembly can be found. L90 – number of contigs whose summed 
length contains at least 90% of the sum of the total length of the sequence assembly. 
Assembly Number N50 (Mb) L90 Total length (Mb) Alignment rate 
(%) 
Scaffolds 896 1.67 238 295.5 96.7 
Contigs 
Additional 
haplotype contigs 
1,811 
6103 
1.11 
0.03 
448 293.6 
125 
96.3 
      
Annotation Number Mean length (bp) Density Genome percentage (%) 
BUSCO (missing/total) 57/956    
BUSCO* 
(missing/fragmented) 
51/31    
GC content    36.51 
Protein coding genes 25,425 4,444.5 - 38.2 
Exons 149,027 265.9 5.9 exons/gene 13.4 
Introns 120,004 610.7 4.7 exons/gene 24.8 
rRNA 165 429.5 - <0.01 
snRNA 140 86.69 - <0.01 
tRNA 289 74.91 - <0.01 
Transposable elements 116,932 - - 18.3 
miRNA 165 126.6 - <0.01 
Orphan genes**  1,372 143.4 - 0.066 (5.4% of genes) 
     
Polymorphisms Number Density 
SNPs 1,384,518 4.7 kb-1 
INDELS 375,931 1.3 kb-1 
Multi-allelic sites 65,241 0.2 kb-1 
   
Repeat class Number of elements Genome percentage (%) 
Retrotransposon 63,029 0.12 
Long Terminal Repeat (LTR) 45,072 0.10 
Gypsy (RLG) 30,293 0.08 
Copia (RLC) 12,725 0.02 
Penelope (RPX) 119 <0.01 
Unknown LTR (RLX) 288 <0.01 
LINE (RIL) 15,055 0.01 
SINE (RSX) 2,902 <0.01 
DIRS (RYD) 127 <0.01 
Unknown retrotransposon (RXX) 292 <0.01 
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DNA transposon 56,603 0.07 
Maverick (DMX) 584 <0.01 
Unknown DNA transposon (DXX) 1,776 <0.01 
No category 154,855 0.18 
* after MAKER annotation 
**no hits in Swissprot, TrEMBLwith cut off 1e-10 and PFAM cut off 1e-6  
 
A k-mer analysis of PacBio data indicated a (haploid) genome size of 295.5 Mb. 
Based on allele frequencies (Yoshida et al., 2013), we determined the X. viscosa genome 
to be an octoploid (Supplementary figure 1). Polyploidy has been associated with 
vigour and size in crops, has been proposed to facilitate better environmental 
adaptability, and is regarded as one of the major drivers of speciation, and thus 
evolution. It follows that polyploid species may be more competitive and invasive in 
new environments (deMelo et al., 1997). The African Velloziaceae species are all 
polyploid and assumed to have originated on the South-American continent, where 
family members are largely diploid (deMelo et al., 1997). Thus, polyploidization may 
have contributed to successful invasion of the Velloziaceae in southern Africa. Our data 
indicates that members of the Velloziaceae may be octoploids and not hexaploids, 
which is the current consensus of opinion. 
X. viscosa has 48 small chromosomes (estimated length of 1.5-2.0 microns, 
Supplementary figure 1). We assembled a 295.5 Mb haploid genome and 90% of the 
assembly is contained in 238 scaffolds. The scaffold N50 (the scaffold size above which 
50% of the total length of the sequence assembly can be found) is 1.67 Mb which is 
very high for an octoploid genome. It approaches the N50 of the diploid resurrection 
species Oropetium thomaeum (N50 2.4 Mb, genome size 245 Mb) (VanBuren et al., 
2015) and is much greater than the N50 of the diploid resurrection species Boea 
hygrometrica (N50 110 kb, ~1,691-Mb sequenced genome)(Xiao et al., 2015) or the 
tetraploid Chenopodium quinoa (N50 87 kb, genome size 1,448 Mb). In addition to the 
295 Mb final assembly, we assembled 125 Mb of additional haplotypes in 6,103 contigs. 
The GC content is 36.5% across the genome (Table 1). Greater GC contents have 
been associated with species that grow in seasonally cold and/or dry climates, perhaps 
suggesting an advantage of GC-rich DNA during cell freezing and desiccation (Smarda 
et al., 2014). Whereas B. hygrometrica has a relatively high GC content of 42.30%, it is 
only 34.86% in O. thomaeum, thus not supporting a general positive correlation 
between DT and GC content.  
A total of 25,425 protein-coding genes were annotated, 97% of the encoded 
proteins exhibit high sequence similarity to proteins in the TrEMBL database 
(Boeckmann et al., 2003), 85% in Swiss-Prot (Boeckmann et al., 2003) and 84% in 
InterPro (Mitchell et al., 2015). The percentage of orphan genes (5.4 %, Table 1), or 
genes that do not share any similarity with genes in other species, is considerably lower 
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than expected for eukaryotic genomes (10-20%). This low percentage may suggest that 
the acquisition of vegetative DT by X. viscosa relied more on the redirection of genetic 
information than on the genesis of novel genes. 
Transposable elements (TEs) account for 18% of the genome, which is a 
surprisingly low number (Table 1) considering that TEs in the genomes of O. thomaeum 
and B. hygrometrica account for 75% and 43%, respectively. Our high-quality data rules 
out collapsed or incomplete sequence assemblies. Plant TEs have been proposed to 
regulate DT in the dicot resurrection species C. plantagineum (Hilbricht et al., 2008). 
Taken together, the proportion of TEs in a plant genome does not appear to be related 
to DT in general. 
Orthologous clustering of the X. viscosa proteome with 15 plant genomes 
identified 15,450 orthologous groups (OGs) in common, with 20 OGs present 
specifically in X. viscosa (Supplementary table 1). The OGs were used to map signatures 
of expansions and contractions of gene families (Supplementary figure 2). Overall, X. 
viscosa did not undergo extensive expansions or contractions of gene families. While 
many gene families were shared between X. viscosa and other monocots, such as the 
desiccation sensitive but relatively drought tolerant Eragrostis tef (Cannarozzi et al., 
2014) (X. viscosa and E. tef share 70% of OGs) and the resurrection plant O. thomaeum 
(X. viscosa and O. thomaeum share 72% of OGs), clearly there are several expansions 
and contractions unique to X. viscosa (Supplementary figure 2). The X. viscosa exclusive 
expansions include several gene families associated with cellular stress and metabolic 
regulation, such as putative late embryogenesis abundant (LEA) proteins, heat shock 
domain-containing proteins, putative WRKY transcription-factors and MADS-box 
domain-containing proteins. The contractions unique to X. viscosa include gene 
families related to control of gene expression, such as plastid transcriptionally active 
chromosome proteins and DNA helicases. The low overlap in expanded or contracted 
gene families between X. viscosa and O. thomaeum may indicate different genetic 
architectures underlying the resurrection phenotype observed in both species and hint 
at independent evolution to reacquire vegetative DT(Gaff and Oliver, 2013). 
 
Resurrection physiology 
 
X. viscosa seeds and adult plants are desiccation tolerant. However, individuals are not 
continuously desiccation tolerant from seed to adult plant. They lose DT briefly upon 
germination, which recovers gradually during seedling development, first in shoots and 
later in roots. This recovery of DT can be induced earlier in shoots, but not in roots, by 
application of ABA (Supplementary figure 3). In shoots, exogenous ABA induced the 
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accumulation of transcripts of genes involved in chlorophyll degradation, translational 
control of gene expression, and transport, whereas it decreased transcript abundance 
of genes related to photosynthesis, energy metabolism, and ABA biosynthesis 
(Supplementary table 2). In roots, transcript abundance of genes involved in 
chlorophyll degradation and responsiveness to brassinosteroids increased whereas 
transcripts of genes related to energy metabolism and plant responses to external 
signals (mainly by modifying cell walls) were depleted (Supplementary table 2). 
In adult plants, stomata closure and carbon gain from photosynthesis ceases 
when water content drops below 55% relative water content (RWC) (Farrant et al., 2016; 
Mundree and Farrant, 2000). In desiccation sensitive species, cessation of carbon gain 
coupled with continued water loss results in metabolic stress, whereas resurrection 
plants redirect their metabolism towards subcellular protection and ultimate 
quiescence (Farrant et al., 2016; Gaff and Loveys, 1993). In X. viscosa, the molecular 
signature of this metabolic redirection is reflected in the higher number of genes that 
exhibit differential expression at 40% RWC (1.0 gH2O g-1 dwt) compared to other 
hydrated states (Supplementary figure 4). At 40% RWC, energy metabolism is strongly 
repressed and transcripts of genes related to chlorophyll degradation significantly 
accumulated. Significant accumulation of transcripts related to chlorophyll synthesis 
and chloroplast and thylakoid formation were also observed during dehydration at 
40%RWC (Supplementary table 3) reflecting the strategy of poikilochlorophylly 
adopted by X. viscosa. Poikilochlorophyllous resurrection plants dismantle their 
photosynthetic apparatus (thylakoids and chlorophyll) in a controlled manner during 
dehydration, and reconstitute this upon rehydration utilizing transcripts stably stored 
in desiccated tissues (Bewley, 1979; Csintalan et al., 1996; Farrant et al., 2015; Tuba et 
al., 1998).  
This metabolic redirection is also evident from the grouping of the differentially 
expressed genes in four distinct self-organizing maps (SOMs, Figure 2). 
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Figure 2 - Genomic organization of X. viscosa. a - Self-organizing maps of gene expression 
(SOMs) displaying log2 fold change of transcripts relative to full hydration; b - Gene co-
expression network with nodes colored according to SOMs; c - Co-expression network of 
differentially expressed genes after ABA application to shoots (S) and roots (R) of seedlings; d 
- Circos map with features of the five longest assembled scaffolds of the X. viscosa genome. 
The tracks from outside to inside display gene density, transposable element density, domain 
density, fold change of gene expression to hydrated state (color codes as in SOMs) and 
presence of putative CoDAGs. 
 
From these, it is evident that two major changes in gene expression occur: 
between 60% RWC (1.5 gH2O g-1 dwt) and 40% RWC (1.0 gH2O g-1 dwt, SOMs 1 and 3) 
and between 40% RWC and 20% RWC (0.5 gH2O g-1 dwt, SOMs 2 and 4). Genes related 
to protein folding, protection and translation control are enriched exclusively in SOM 
1, while genes related to nuclear import and control of gene expression are enriched 
exclusively in SOM 2 (Supplementary table 2). Likewise, a number of transcription 
factor-encoding genes and co-regulators were highly induced in desiccated leaves of 
the resurrection species Haberlea rhodopensis (Gechev et al., 2013b), reflecting the 
massive transcriptional reprogramming behind the metabolic redirection. Genes 
related to lipid metabolism, nucleotide metabolism and protection against oxidative 
stress are enriched exclusively in SOM 3, while genes related to energy metabolism, 
photosynthesis, water transport and genetic information processing are enriched 
exclusively in SOM 4. Decline of transcripts related to energy metabolism and 
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photosynthesis was also observed in the resurrection species H. rhodopensis and 
Craterostigma plantagineum as decreasing metabolic activity is a general primary 
target during dehydration (Dinakar and Bartels, 2013; Gechev et al., 2013b; Rodriguez 
et al., 2010). 
A gene co-expression network approach revealed a large overlap in the patterns 
of gene activation and -repression in ABA-treated seedlings and drying mature leaves 
(Figure 2). Young seedlings of X. viscosa are desiccation sensitive and obtain DT only 
later in development, but can be made tolerant by application of ABA (Supplementary 
Figure 3). Thus, this overlap points to similarities between seed- and vegetative-DT 
(Costa et al., 2016). In both systems, metabolism is shut down in an orderly manner and 
protection mechanisms activated (Farrant et al., 2016; VanBuren et al., 2015; Williams 
et al., 2015). Moreover, upon dehydration, both in seeds and in poikilochlorophyllous 
resurrection species, chloroplasts are disassembled and chlorophyll degraded. All these 
(ABA-controlled) events have so far been considered seed-specific but here we show 
that vegetative-DT in Angiosperms is also regulated by ABA, employing the same 
genes as in seeds. This supports a hypothesis that DT was reactivated in vegetative 
tissues, presumably utilizing genes associated with DT in the seeds of the species or 
family as a ‘blueprint’, and then later modified to result in species or family specific DT 
mechanisms (Gaff and Oliver, 2013).  
In the context of the gene co-expression network, the genes in SOMs 3 and 4 
are more tightly co-regulated than the genes in SOMs 1 and 2, highlighting the 
importance of a coordinated shutdown of metabolic and cellular processes during 
dehydration. Accordingly, most of the network’s hubs (nodes with high number of 
connections to other nodes, or high degree) represent genes related to energy 
metabolism (Supplementary figure 4 and Supplementary Data Table). 
The network aided the identification of ABA-independent gene expression 
(Supplementary figure 5). Although ABA-independent signalling pathways mediated 
by DREB2 and DREB1/CBF have been described (Todaka et al., 2015), other regulators 
not described yet may also be acting. Around 20% of the nodes in the network 
represent genes differentially expressed in response to desiccation but not in response 
to exogenous ABA. The GO categories enriched in this group of genes are related to 
signalling (consequence of signal transduction and generation of a signal involved in 
cell-cell signalling) and transcriptional regulation (positive regulation of transcription 
regulator activity, regulation of sequence-specific DNA binding transcription factor 
activity and regulation of transcription regulator activity). These categories suggest the 
presence of ABA-independent regulators not described yet. 
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Clusters of Desiccation-Associated genes (CoDAGs) 
 
Anhydrobiosis related gene islands (ARIds) are defined as genomic regions hosting 
compact clusters of genes which are anhydrobiosis-related and accumulate transcripts 
upon desiccation (VanBuren et al., 2015). In analogy with ARIds, we define clusters of 
desiccation-associated genes (CoDAGs) as genomic regions hosting compact clusters 
of genes associated with desiccation and differentially expressed upon desiccation. 
These regions are of interest owing to their potential role in the evolution of DT. We 
performed a genome-wide search for CoDAGs in X. viscosa considering the same 
criteria as for ARIds (VanBuren et al., 2015): (a) they host a paralogous set of genes 
(containing at least a pair of genes); (b) their localization in the genome is not 
necessarily related to that of the potential ancestor of the expanded set of genes; and 
(c) all genes located within CoDAGs are differentially expressed in response to 
desiccation. CoDAGs are abundant in the genome of X. viscosa (277 CoDAGs and 600 
genes involved) and are mainly composed of genes with declining transcript 
abundance upon dehydration (Figure 2, Supplementary table 3). The expression 
pattern of the genes in the same CoDAG is not necessarily the same. Genes involved in 
various environmental interactions form CoDAGs, such as the ABA receptor PYL 
(Pyrabacin Resistance-Like), ABC transporters, ethylene-responsive transcription 
factors, intracellular ribonucleases, LEA proteins, pathogenesis-related proteins, 
polyphenol oxidases and uncharacterized proteins (Supplementary table 4). That the 
majority of CoDAGs consists of transcripts that decline upon dehydration appears 
contradictory, but may be related to mechanisms that suppress growth and 
development or energy metabolism in vegetative tissues during dehydration, and may 
trigger or inhibit the induction of the mechanisms that lead to vegetative DT. A less 
parsimonious possibility is that the genes in these CoDAGs may supress the expression 
of DT in vegetative tissues, allowing the induction of DT only at critical levels of water 
loss, and that these genes have to be suppressed in order to acquire DT. 
 
Late Embryogenesis Abundant (LEA) Proteins 
 
LEA proteins have been implicated in plant embryo development and maturation, 
response to high salinity, freezing and DT (Alpert, 2006; Tunnacliffe and Wise, 2007). 
They accumulate in seeds, pollen, fungal spores, yeast cells, nematodes, rotifers and 
embryos of some crustaceans(Alpert, 2006; Tunnacliffe and Wise, 2007). In resurrection 
plants, desiccation-induced expression of LEA transcripts is a common response as 
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shown in H. rhodopensis and C. plantagineum (Dinakar and Bartels, 2013; Gechev et 
al., 2013a; Rodriguez et al., 2010).  
HMM (Hidden Markov Model) profiles provided by PFAM were used to search 
for LEAs in the genome of X. viscosa. We found 126 putative LEA motif-containing 
proteins divided into eight families (Figure 3a), of which 90 were differentially 
expressed during drying and rehydration of adult plants (Figure 3b). 
 
 
Figure 3 - LEAs transcript expression and accumulation patterns during dehydration and 
rehydration. a - The maximum likelihood tree shows the phylogenetic relationship between 
the 126 LEA proteins along with the gene duplication mode, and a heat map showing the log2 
fold change of the transcripts in each point relative to the hydrated state (2.5 gH2O g
-1 dwt). 
The dots on the branches represent bootstrap support values. b - Number of LEA transcript 
that accumulate and decline relative to the hydrated state. The colours on the chart represent 
each LEA family shown in the legend. 
 
Most of the duplicated gene pairs have a dispersed origin, which are paralogs 
that do not show conserved synteny or are not near each other on chromosomes 
(Wang et al., 2012) (Supplementary table 5). By performing a BLASTP search to assess 
the similarities between each of the LEA proteins (Supplementary table 5), we found 
that, at the protein level, there are no repeated sequences in the genome. Thus, each 
LEA gene that we identified is unique, and the high number of LEAs found is due to 
small (punctual) duplications, and not due to the octoploid nature of the genome. The 
number of LEAs is significantly higher than identified in the genomes of B. hygrometrica 
(67 LEA genes) (Xiao et al., 2015) and O. thomaeum (94 LEA genes; 
http://resources.oropetium.org/Oropetium_v01/)(VanBuren et al., 2015), as well as in a 
phylogenetic cross-section of 25 plant species (Supplementary table 5). Whole genome 
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duplications (WGD) played critical roles in the expansion of LEA families in X. viscosa 
(Figure 3a). In contrast, in O. thomaeum and B. hygrometrica dispersed duplications 
were more evident (Supplementary figure 6). A comparative genomic analysis with 25 
plant species spanning the land plant phylogeny indicated that two of the eight LEA 
families, namely LEA_4 and LEA_6, are significantly expanded in the genome of X. 
viscosa (Supplementary figure 6, Supplementary table 5). These differences might 
relate to the poikilochlorophyllous nature of X. viscosa, in contrast to the 
homoiochlorophyllous species B. hygrometrica and O. thomaeum. This, in turn, might 
relate to longevity in the dry state. Although longevity of X. viscosa has not been 
systematically assessed, two other poikilochlorophyllous species of Xerophyta have 
demonstrated longevity. Dried excised leaves of Xerophyta scabrida can survive up to 
two years under laboratory conditions (Tuba et al., 1993). In the only study reporting 
on longevity of whole plants in the dry state, (Bajic, 2006) demonstrated that Xerophyta 
humilis retains viability for more than two years, whereas the homoiochlorophyllous 
Craterostigma wilmsii lost viability within 3 months. Furthermore, X. viscosa (unlike X. 
humilis) is a chasmophyte (Figure 1a) and thus tolerates not only frequent periods of 
desiccation, but also extremes of temperature ranging from sub-zero to above + 50°C 
(Farrant et al., 2015). 
The response to desiccation appears LEA-family specific. Members of dehydrin 
(DHN), LEA_1 and LEA_4 families accumulate transcripts during drying and rehydration. 
It is likely that members of these LEA families are involved in a rapid primary response 
to dehydration and as transcripts continue to accumulate these LEA families may 
guarantee homeostasis in the desiccating cells. Moreover, as LEA proteins decline 
shortly after full rehydration, they might serve as a readily available nitrogen source to 
support resumption of photosynthesis and metabolism upon rehydration. Most 
members of LEA_2 family and a few members of DHN and LEA_3 families significantly 
decrease transcript abundance during drying and rehydration suggesting that these 
LEAs are not involved in the protection mechanism activated by desiccation.  
The LEA_2 family is the most diverse in the genome of X. viscosa, with 57 
members. A promoter enrichment analysis showed that the LEA_2 family is activated 
by a more diverse range of transcription factors than other LEA families (Supplementary 
figure 6). The ABI5 motif is prominent in the promoters of the LEA_4 family-members. 
The ABI5 transcription factor is mostly commonly associated with the regulation of 
seed maturation, and regulates transcription of LEA genes and degradation of 
chlorophyll essential to the establishment of seed longevity (measured by a moderate 
artificial aging method) in Medicago truncatula and Pisum sativum (Verdier et al., 2013; 
Zinsmeister et al., 2016).  
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Predicted subcellular localization shows that LEAs can be found in seven 
subcellular compartments (Supplementary figure 6), supporting the diversity of LEA 
expression in adult leaves. Most LEA families are overrepresented in the nucleus. SMP 
family-members are overrepresented in the cytosol. LEA_2 and LEA_3 families are 
overrepresented in the plastids and decrease transcript abundance during drying, 
supporting their poikilochlorophyllous origin. 
During desiccation, the most profound change in LEA expression occurs 
between 1.5 gH2O g-1 dwt and 1.0 gH2O g-1 dwt, with a 43% increase in LEA expression, 
which was maintained during further desiccation and rehydration (Figure 3). Thus, 
these LEAs are largely represented by the early responses of SOMs 1 and 3 (Figure 2). 
These observations indicate an activation of regulatory pathways essential for the 
desiccation response around 1.0 gH2O g-1 dwt (40% RWC). This activation is likely 
caused by a regulatory ‘switch’ between the dehydration response (to initial water loss) 
and cellular preparation response (protection) for the desiccated state. 
 
The ABI3 regulon 
 
ABI3 is a transcription factor that mediates DT in seeds through a highly conserved 
gene regulatory network (Costa et al., 2016; Delahaie et al., 2013; Khandelwal et al., 
2010; Monke et al., 2012). X. viscosa has two structural orthologs of ABI3. Due to 
different gene contexts (different neighbouring genes), these paralogs are not 
considered alleles of the same gene. They are expressed, but their expression did not 
change significantly in response to exogenous ABA or drying and rehydration of adult 
plants. We identified in X. viscosa 139 structural orthologs of the 98 target genes of the 
ABI3 regulon from Arabidopsis thaliana (Monke et al., 2012). The majority displayed an 
increase in transcript abundance in response to exogenous ABA (62% in shoots of 
seedlings) and to drying (45% in SOM 1). Fifty of these structural orthologs were 
located in our co-expression network. Although the nodes representing these genes 
are not directly connected, they share first neighbours, forming tightly connected sub-
networks (Supplementary figure 5). The GO categories enriched in these genes are 
primarily related to energy metabolism (cellular carbohydrate metabolic process, 
generation of precursor metabolites and energy) and photosynthesis (plastid 
organization, regulation of photosynthesis, stomatal complex morphogenesis and 
cofactor metabolic process). Structural orthologs of seed-specific members of the ABI3 
regulon were also found in our analysis, such as embryonic proteins DC-8, oleosins, 
seed maturation proteins and 1-Cys peroxiredoxin. Overall, these analyses shed light 
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on the conserved mechanisms of the gene regulatory network orchestrated by ABI3 in 
seeds and vegetative tissues of resurrection plants. 
 
Autophagy and Senescence 
 
Autophagy is a catabolic cellular process that attempts to restore homeostasis during 
severe stress (Williams et al., 2015). It involves the recycling of nutrients and removal 
of damaged and potentially harmful cellular material (Williams et al., 2015). In 
resurrection plants, effective regulation of autophagy aids survival under extreme stress 
conditions (Williams et al., 2015). Although drought-induced leaf senescence is thought 
to be an efficient strategy for reducing transpiration and allowing remobilization of 
water and nutrients, it does not occur in resurrection plants in the tissues undergoing 
induction of DT(Li et al., 2012b; Williams et al., 2015). It is intriguing to investigate how 
resurrection plants regulate autophagy and avoid senescence during dehydration. On 
the basis of sequence similarity to proteins predicted to be involved in autophagy and 
senescence in the resurrection grass Tripogon loliiformis, we found a number of similar 
proteins in X. viscosa (Supplementary table 6). X. viscosa homologs of A. thaliana 
AUTOPHAGY (e.g. ATG2, ATG8, ATG9, ATG12 and ATG18), known to delay senescence 
in A. thaliana (Li et al., 2012b), cluster in SOMs 1 and 2, whereas X. viscosa homologs 
of A. thaliana SENESCENCE-ASSOCIATED GENE and SENESCENCE-ASSOCIATED 
RECEPTOR-LIKE KINASE, known to promote senescence in A. thaliana (Li et al., 2012b), 
cluster in SOM4. Overall, both in X. viscosa and in T. lolliformis (Williams et al., 2015) 
transcripts associated with senescence and pro-apoptosis exhibit a reduction in 
accumulation, while transcripts associated with the delay of senescence and anti-
apoptosis accumulated during drying. Despite different strategies concerning 
chlorophyll retention during drying (X. viscosa is poikilochlorophyllous and T. 
lolliiformis is homoiochlorophyllous), processes related to autophagy and senescence 
appear to operate in similar ways in X. viscosa and T. lolliiformis. 
Stress signalling in the endoplasmic reticulum (ER) is transduced through the 
unfolded protein response (UPR) pathway (Reis et al., 2011). The UPR activates the ER-
located molecular chaperone binding protein BiP, that assists in folding newly 
synthesized proteins, acts in ER stress signalling and prevents senescence (Griffiths et 
al., 2014; Reis et al., 2011). We identified ten putative BiP genes in X. viscosa. Most of 
them clustered in SOM 2, indicating activation when the stress becomes more severe. 
Thus, apparently, X. viscosa engages a mechanism to prevent activation of the UPR cell 
death response during severe dehydration. 
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Conclusions 
 
Combining genome sequence information with genome wide gene expression data is 
a powerful approach to gain insight into the ‘footprint’ of desiccation tolerance in a 
resurrection species. Among the currently known resurrection plant species, X. viscosa 
is probably the most resilient (Farrant et al., 2015). Vegetative desiccation tolerance 
was reactivated in at least 13 families of Angiosperm plant species (Gaff and Oliver, 
2013) as adaptation to environmental demands, and we propose that the basal DT 
mechanism was further modified according to specific environmental and habitat 
(niche) requirements. Reactivation of vegetative DT must have been based on the 
presence of genes associated with DT in reproductive structures, such as seeds, and 
hence the genomic information for DT was redirected towards vegetative tissues. 
Further genome modifications to deliver DT may have included polyploidization, as in 
the African Velloziaceae, during the establishment of this family on the African 
continent. Poikilochlorophyllous resurrection species have a clear seed imprint in their 
phenotype. For example, the degradation of chlorophyll during the maturation stage 
is common among orthodox seeds, presumably to avoid the generation of reactive 
oxygen species during subsequent long periods of storage in the dry state. During 
dismantling of photosynthetic machinery, X. viscosa engages anti-senescence 
mechanisms, giving evidence that in this species vegetative DT is uncoupled from 
common drought-induced senescence; again similar to seeds. In conjunction, the bZIP 
transcription factor ABI5 is strongly associated with the acquisition of longevity in 
orthodox seeds, assessed by artificial aging, as well as expression of several LEAs 
(Verdier et al., 2013). Here we show that ABI5 may be a regulator of expression of the 
LEA_4 family which, consequently, may be an important factor in the longevity of X. 
viscosa in the dry state. Furthermore, we identified two structural orthologs of ABI3, a 
major regulator of seed maturation and DT along with the majority of the ABI3 regulon 
expressed in leaves. Again, this exemplifies the strong ‘seed character’ of vegetative DT 
in this species.  
The CoDAGs that are downregulated upon dehydration may represent genes 
which are related to mechanisms that suppress growth and development or energy 
metabolism in vegetative tissues and may trigger or inhibit the induction of the 
mechanisms that lead to vegetative DT. The genes in these CoDAGs may also supress 
the expression of DT in vegetative tissues, allowing the induction of DT only at critical 
levels of water loss. Their down regulation may thus be part of the reactivated 
mechanism that evolved to deliver DT in vegetative tissues. Further study of possibly 
higher order regulation of this set of genes may identify targets for modification of 
crops towards desiccation tolerance.  
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Methods 
 
DNA sequencing, de novo assembly, and validation 
The genome of Xerophyta viscosa was sequenced using raw paired-end Illumina (~77× 
coverage) and PacBio (~58× coverage) technologies. Reads originating for 
contaminants (insects, bacterial, fungal, and human), as well as chloroplast and 
mitochondrial genomes, were removed from all sequence data prior to assembly. 
Illumina reads were error corrected using Lighter (Song et al., 2014) and assembled 
using SparseAssembler (Ye et al., 2012). PacBio reads were assembled using the diploid 
aware FALCON assembler (Chin et al., 2016). A hybrid assembly was produced with 
DBG2OLC (Ye et al., 2016) and the contigs were reordered and connected into scaffolds 
using SSPACE-LongRead (Boetzer and Pirovano, 2014). The assembly was polished 
using Sparc (Ye et al., 2012) and Pilon (Walker et al., 2014). PBJelly2 (English et al., 2012) 
was used for gap closure and genome improvement. Alignments due to gene 
duplication and repeats were filtered out using the delta-filter utility of the MUMmer 
package (English et al., 2012). The assembly was validated by mapping the available 
RNA and DNA libraries to the genome with Bowtie2 (Langmead and Salzberg, 2012) 
and Blasr. Assembly statistics were calculated using QUAST (Gurevich et al., 2013). Gene 
space completeness was measured by using BUSCO (Benchmarking Universal Single-
Copy Orthologs). The genome assembly and validation pipeline is summarized in 
Supplementary Data Figure. 
 
Annotation  
The ab initio predictors AUGUSTUS (Hoff et al., 2016) and SNAP (Korf, 2004) were 
trained on the transcriptome data using BRAKER1 (Hoff et al., 2016). The MAKER2 
annotation pipeline was applied for gene prediction and repeat annotation. Predicted 
genes were functionally annotated by a consensus approach using 
InterProScan(Mitchell et al., 2015), Gene Ontology (Harris et al., 2004), Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Swiss-Prot (Boeckmann et al., 2003), 
Translated EMBL Nucleotide Sequence Data Library (TrEMBL,(Boeckmann et al., 2003), 
and BLAST2GO (Conesa et al., 2005). 
Repeatmodeler (Smit et al., 2008)was applied to build a de novo repeat library 
and identify ribosomal and small nuclear RNAs. Repetitive sequences in the assembly 
were soft masked using RepeatMasker (Smit et al., 2008). Transfer RNAs were 
annotated using tRNA-scan-SE (Lowe and Eddy, 1997). miRNAs were predicted using 
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BLAST and INFERNAL (Nawrocki and Eddy, 2013)against the RFAM database (Nawrocki 
et al., 2015).  
SNPs and INDELs were called relative to the genome using Freebayes (Garrison 
and Marth, 2012). Detected polymorphisms from short-read alignments were 
discarded when the quality was below 20. 
 
Orthologous group inference 
Orthology between 15 plant species (Amborella tricopoda, Arabidopsis thaliana, Elaeis 
guineensis, Eragrostis tef, Hordeum vulgare, Musa acuminata, Oropetium thomaeum, 
Oryza sativa, Phalaenopsis equestris, Phoenix dactylifera, Physcomitrella patens, 
Spirodela polyrhiza, X. viscosa, Zea mays and Zostera marina) was determined with 
OrthoFinder (Emms and Kelly, 2015). The proteomes were downloaded from 
Phytozome V11.0 (https://phytozome.jgi.doe.gov/pz/portal.html).  
Gene family expansions and contractions in comparison with other sequenced 
genomes were calculated for all OGs (excluding singletons). The z-score was calculated 
for each OG, those with z-score ≥ 2 represent significantly expanded gene families and 
those with z-score ≤ -2 represent significantly contracted gene families. The number of 
genes per species for each OG was transformed into a matrix of z-scores. The z-score 
profile was hierarchically clustered using Pearson correlation as a distance measure. 
The functional annotation of each OG was predicted based on sequence similarity to 
entries in the Swiss-Prot database (Boeckmann et al., 2003) and InterPro protein 
families database (Mitchell et al., 2015) where more than 50% of proteins in the family 
share the same protein annotation. 
The ancestral gene content at key nodes in the phylogeny of the 15 plant species 
was reconstructed by Wagner parsimony with a 1.2 gain penalty using COUNT (Csűös, 
2010). 
 
Cytogenetics 
Chromosome preparations were performed as described by Szinay et al. (Szinay et al., 
2008). The chromosome preparations were screened under a phase-contrast 
microscope and late-pachytene cells with little or no cytoplasm, good chromosome 
spreading and well-differentiated chromatin morphology were selected 
(Supplementary figure 2).  
The assessment of DNA content of X. viscosa was performed by Iribov 
(Enkhuizen, The Netherlands). Genome size was measured by flow cytometry on a CA-
II cell analyzer (Partec). Tetraploid Brassica oleraceae was used as a reference for which 
the DNA content was calculated as 2.8 pg. 
 
 Page | 39 
 
A ‘footprint’ of desiccation tolerance in the genome of Xerophyta viscosa 
Desiccation tolerance in X. viscosa seedlings 
Seeds were harvested from X. viscosa plants collected in the Buffelskloof Nature 
Reserve and cultivated under glasshouse conditions at the University of Cape Town 
(South Africa). Seeds were sown on two layers of blue filter paper (Blue Blotter Paper, 
Anchor Paper Company) and 50 ml of distilled water and incubated in germination 
cabinets with constant white light at 25˚C for ~10 days. 
To assess desiccation tolerance in X. viscosa seedlings, we used seedlings with 
the first leaf between 1 and 2 mm length. Three replicates of 20 seedlings were 
incubated for 3 days in 6-cm Petri dishes containing 1.3 ml of solutions of distilled 
water (control) or 50 µM ABA on two sheets of white filter paper (grade 3hw, Biolab 
Products, Sartorius Stedim Biotec) in the dark at 20˚C. After incubation, seedlings were 
rinsed in distilled water, transferred to new Petri dishes with one sheet of white filter 
paper, dried and rehydrated. Drying was achieved by drying under an atmosphere of 
32% relative humidity (RH) for 3 days at 20˚C, resulting in final water contents (WC) as 
low as 0.126 gH2O g-1 dwt. Water contents were assessed gravimetrically by 
determination of the fresh weight and subsequently dry weight after 17 h at 105˚C. 
After dehydration, seedlings were pre-humidified in humid air (100% RH) for 24 h at 
22˚C and rehydrated in H2O at 22˚C on a Copenhagen Table under a 12/12 h dark/light 
regime. Desiccation tolerance was quantified as percentage of seedlings that exhibited 
growth resumption with both green leaves and development of a root system 
(Supplementary figure 3). 
For RNA extraction, seedlings treated with ABA and non-treated were dissected 
in three parts: seed coat, shoots and roots. The seed coat was discarded and shoots 
and roots were used for RNA extraction. Total RNA was extracted following a modified 
hot borate protocol (Wan and Wilkins, 1994).  
The samples were sequenced (150nt, single-end) with Illumina HighSeq 2000 
and 55.2 Gb were obtained after trimming (12 libraries). A de novo transcriptome 
assembly was constructed using Trinity (Grabherr et al., 2011). The raw RNA-seq data 
have been deposited in NCBI SRA database under accession SRS1071017. 
 
Desiccation tolerance in adult plants  
A population of 80 clonally propagated five-month old X. viscosa plants were grown in 
Premier Pro-Mix BX (Premier Tech Horticulture Pennsylvania, USA) under the following 
greenhouse conditions: 16-hour days at 27°C during the day and 18°C at night. Prior 
to the initiation of the drying period well-watered plants were covered with a plastic 
bag overnight to maximize the hydrated water contents prior to sampling. Each of the 
eighty plants were treated as individual biological reps for sampling. Dehydration was 
achieved by withholding water from the pots. Young green leaf tissue was harvested 
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from 16 individual plants which were sampled daily to monitor their total water content. 
A portion of the tissue from each of the 16 plants was flash-frozen in liquid nitrogen 
and stored at -80°C. Total water content (TWC), expressed as grams of water per gram 
of dry weight, was determined gravimetrically using the remainder of the sample and 
calculated as TWC = (FWT-DWT)/DWT. Dry weight (DWT) of each sample was 
determined gravimetrically after exposure to 70°C in a convection oven until constant 
weight, which took four hours (Oliver et al., 2011). Plants were rehydrated by fully 
saturating the soil and aerially by misting with water. 
Triplicate samples were selected with TWCs of 2.5 (fully hydrated TWC), 2, 1.5, 
1, 0.5, and 0.1 gH2O g-1 dwt and rehydrated tissue at 12 hours and 24 hours post-re-
watering were selected for RNA extraction. RNA was extracted using the RNeasy 
(Qiagen, Hilden, Germany) kit with the RLC buffer following the manufacturer’s 
recommended protocol. The RNA isolates were treated with DNase1 and cleaned using 
the DNA-free RNA Kit (Zymo Technologies, Irvine, CA). RNA quality was assessed by 
use of a fragment analyser (Advanced Analytical Technologies, Ankeny, IA) and 
concentration determined by use of a Nanodrop Spectrophotometer (ThermoFisher, 
Waltham, Massachussetts). 
RNA libraries were created and individually bar-coded from 2.7µg of template 
total RNA utilizing the TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA) as 
described in the manufacturer’s recommended protocol. Libraries were pooled in 
groups of six and sequenced (six samples per lane) on an Illumina HiSeq 2500 ultra 
high-throughput DNA sequencing platform (Illumina, San Diego, CA) at the DNA Core 
facility at the University of Missouri, Columbia, MO. USA 
(http://dnacore.missouri.edu//HiSeq.html). 
 
Gene expression analyses  
Gene expression was calculated using TopHat and Cufflinks from the Tuxedo suite 
(Trapnell et al., 2012). Differential expression was then computed using Cuffdiff, also 
from the Tuxedo suite (Trapnell et al., 2012). The expression of 12 genes was analysed 
by qPCR in shoots in order to verify the accuracy of the data. Candidate reference genes 
were chosen based on the RNA-Seq data applying a cut-off of ≥ 0.9 for q-value. These 
genes were further checked using qBase+ (Biogazelle) applying a cut-off of ≤ 0.5 for 
M-value (gene stability value) and ≤ 0.15 for CV-value (coefficient of variation), 
generating a shortlist of seven reference genes. The three reference genes with most 
stable expression in the qPCR were used for expression normalization of the target 
genes. Both RNA-Seq and qPCR showed comparable trends. 
The annotated genome was used for an over-representation analysis (ORA) to 
recover over-represented biological processes (using Benjamini & Hochberg False 
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Discovery Rate (FDR) correction, P-value ≤ 0.05) based on gene ontologies using the 
plugin BiNGO for Cytoscape. InterProScan and protein BLAST (using A. thaliana, O. 
sativa, and Z. mays as a reference) were used to assign GO-terms to the total set of 
annotated genes. The whole annotation was used as reference set. The term’s semantic 
distance with respect to other semantically close terms (‘‘Dispensability’’) was 
calculated using the online tool ReviGO (http://revigo.irb.hr/) and used to remove 
redundant terms applying a cut-off of ≤ 0.05.  
Self-organizing maps (SOMs) were calculated using GeneMaths software 
(version 2.1, Applied Maths BVBA, Sint-Martens-Latem, Belgium) by importing gene 
expression data and mapping them into four groups (2 x 2 node format) that provided 
optimal representation of gene expression patterns in a small number of independent 
bins.  
Orthologs were defined as hits with lowest Expect value (E-value), with a 
threshold of ≤10-10. Multiple hits were considered orthologs when the difference 
between their E-values and the lowest hit’s E-value was smaller than 10-10. 
 
Identification of Late Embryogenesis Abundant (LEA) proteins 
To identify members of LEA protein families, all Hidden Markov Models (HMM) from 
the PFAM database (Finn et al., 2016) (http://pfam.xfam.org) were uploaded and used 
to generate HMM profile matrix using the program ‘hmmbuild’ of the HMMER3.0 
package (Finn et al., 2011). The HMM profiles were used to identify members of the 
eight LEA families (Dehydrin - PF00257, LEA_1 - PF03760, LEA_2 - PF03168, LEA_3 - 
PF03242, LEA_4 - PF02987, LEA_5 - PF00477, LEA_6 - PF10714, and SMP - PF04927) in 
the genome of X. viscosa using the program ‘hmmscan’. All proteins with significant 
hits (E-value < 0.01) were collected. 
 
Expansion of X. viscosa LEA families 
We collected protein sequences from of 24 species (Amborella trichopoda, Arabidopsis 
thaliana, Boea hygrometrica, Brachypodium distachyon, Brachypodium stacei, 
Chlamydomonas reinhardtii, Elaeis guineensis, Eragrostis tef, Hordeum vulgare, Musa 
acuminata, Oropetium thomaeum, Oryza sativa, Panicum hallii, Phalaenopsis equestris, 
Phoenix dactylifera, Physcomitrella patens, Selaginella moellendorffii, Setaria italica, 
Setaria viridis, Sorghum bicolor, Sphagnum fallax, Spirodela polyrhiza, Zea mays and 
Zostera marina). Protein sequences were retrieved in the same way as described above 
for X. viscosa, using HMM from PFAM and searching with HMMER3.0 program. 
LEA family expansions were calculated as described above. The families that 
presented z-score ≥ 2 were considered significantly expanded. 
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Phylogenetic and gene duplication analysis 
Multiple sequence alignment of the 126 putative LEAs was generated using MAFFT 
version 7 (http://mafft.cbrc.jp/alignment/server/) with default parameters. The test for 
the best amino acid substitution model and maximum likelihood (ML) tree were 
performed by IQ-Tree with default parameters, and the model WAG+I+G4 was selected 
according to BIC and 1,000 ultra-rapid bootstraps. The phylogenetic tree was edited 
and displayed using the online application iTOL v3.0 (Interactive Tree of Life, 
http://itol.embl.de/). 
For the comparative analysis with 24 species, multiple sequence alignments of 
the significantly expanded LEA_4 and LEA_6 families were performed using MAFFT with 
default parameters and trimmed with the online tool TrimAl v1.3 
(http://trimal.cgenomics.org/) implemented in Phylemon v2.0 with settings: conserving 
at least 50% of the positions and gap threshold 0.7. ML analysis and amino acid 
substitution model tests were performed with IQ-Tree with default parameters and 
1,000 ultra-rapid bootstraps. The model JTT+F+G4 was selected for LEA_4 family, and 
JTTDCMut+G4 for LEA_6 according to Bayesian Information Criterion (BIC). iTOL v3.0 
was used for editing and displaying the phylogenetic trees. We used the 
‘duplicate_gene_classifier’ command in MCScanX package to determine the origins of 
duplicate genes for the LEA families in X. viscosa genome. 
 
Promoter motif analysis 
The MEME program available within the web tool MEME-Lab (http://meme-
suite.org/tools/meme) was used for discovery of motifs at 1kb region upstream each 
LEA family. The parameters used were: occurrence per sequence 1, motif count 10, 
motif width between 6 wise and 15 wide (inclusive). Subsequently, the motifs found 
were compared with annotated motifs in the Jaspar Core 2016 Plants database by 
Tomtom, which is part of the MEME suite platform, with default parameters. 
 
Protein structure and subcellular localization 
We used PSI program (Plant Subcellular-localization Integrative predictor, 
http://bis.zju.edu.cn/psi/) to predict the subcellular localization of LEAs of X. viscosa 
proteins. PSI was chosen because it integrates the main predictors such as Cello, mPloc, 
Predotar, mitoProt, MultiLoc, TargetP, Wolf PSORT, subcellPredict, iPsort, Yloc, PTS1. 
The grand average of hydropathy (GRAVY) value for protein sequences calculation was 
performed with GRAVY calculator (http://www.gravy-calculator.de/). 
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Gene co-expression network 
Genes differentially expressed in at least one comparison between a time-point in the 
dehydration/rehydration curve and the hydrated state were used. Pearson correlation 
coefficients between all pairs of differentially expressed genes were calculated. A table 
with correlation coefficient values was exported to Cytoscape v.2.8.2 and correlation 
coefficients above a threshold of 0.96 (determined according to Freeman et al. (2007)) 
were used to filter the connections and determine the edges between nodes in the 
network. The resulting network was displayed with a yGraph Organic layout. The 
Cytoscape built-in app NetworkAnalyzer was used to compute network parameters. 
 
**Correspondence and requests for materials should be addressed to H.W.M.H. 
(henk.hilhorst@wur.nl). 
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Abstract 
Late Embryogenesis Abundant proteins (LEAs) include eight multi-gene families that 
are expressed in response to water loss during seed maturation and in vegetative 
tissues of desiccation tolerant species. To elucidate LEA evolution and diversification, 
we performed a comprehensive synteny and phylogenetic analyses of the eight gene 
families across 60 complete plant genomes. Our integrated comparative genomic 
approach revealed that synteny conservation and diversification contributed to LEA 
family expansion and functional diversification in plants. We provide examples that: 1) 
the genomic diversification of the Dehydrin family contributed to differential evolution 
of amino acid sequences, protein biochemical properties, and gene expression 
patterns, and led to the appearance of a novel functional motif in angiosperms; 2) 
ancient genomic diversification contributed to the evolution of distinct intrinsically 
disordered regions of LEA_1 proteins; 3) recurrent tandem-duplications contributed to 
the large expansion of LEA_2; and, 4) dynamic synteny diversification played a role In 
the evolution of LEA_4 and its function in plant desiccation tolerance. Taken together, 
these results show that multiple evolutionary mechanisms have not only led to 
genomic diversification, but also to structural and functional plasticity among LEA 
proteins which have jointly contributed to the adaptation of plants to water-limiting 
environments. 
 
Key words: Abiotic stress adaptation, desiccation tolerance, gene family evolution, 
intrinsic disorder, LEA proteins. 
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Introduction 
 
When plants colonized land 450Ma ago, they developed a wide range of adaptations 
including physiological, structural and regulatory mechanisms to cope with variable 
environments. Land plants (embryophytes) evolved from streptophyte algae, a 
paraphyletic group of green algae believed to be physiologically pre-adapted to 
terrestrial environments due to their fresh water origin (Becker and Marin, 2009; Kenrick 
and Crane, 1997; Wodniok et al., 2011). 
As they colonized land, plants also developed desiccation tolerance (DT). DT is 
the ability to survive the removal of almost all cellular water without irreparable 
damage and is recurrent in reproductive structures of most vascular plants (e.g. during 
embryogenesis), in the vegetative body of non-vascular plants and in a few 
angiosperms species commonly known as ‘resurrection plants’ (Farrant and Moore, 
2011; Gaff and Oliver, 2013; Illing et al., 2005; Leprince and Buitink, 2010; Oliver et al., 
2000). Several genes that are thought to be important for DT are common amongst 
non-vascular and vascular plants, and are also present in their ancestral streptophyte 
algae (Rensing et al., 2008; Wodniok et al., 2011). 
Within the conserved mechanisms of cellular protection involved in DT, a 
common group named Late Embryogenesis Abundant (LEA) proteins, has received 
considerable attention. LEAs were originally associated with the acquisition of DT in 
plant embryos due to the high gene expression and protein accumulation in the later 
stages of seed maturation (Delahaie et al., 2013; Dure et al., 1989b; Espelund et al., 
1992; Galau et al., 1986; Manfre et al., 2006). In vegetative tissues, LEAs were found to 
accumulate under abiotic stresses such as drought, salinity, heat and freezing, and 
during desiccation in resurrection plants (Amara, 2014; Cuming et al., 2007; Hoekstra 
et al., 2001; Stevenson et al., 2016). Interestingly, LEA genes are also found outside the 
plant kingdom, suggesting a common mechanism of DT across distinct life forms 
(Browne et al., 2002; Gusev et al., 2014; Kikawada et al., 2006; Tunnacliffe et al., 2005). 
LEA proteins exhibit peculiar biochemical properties such as a high proportion 
of polar amino acids, high hydrophilicity, and the presence of intrinsically disordered 
regions (IDRs) (Battaglia et al., 2008; Dure et al., 1989b; Garay-Arroyo et al., 2000; Goyal 
et al., 2005c). Intrinsically disordered proteins (IDPs) have been proposed as critical for 
plant adaptation in new environments because of their ability to perform more than 
one function, the so called ‘moonlighting’ activity (Covarrubias et al., 2017). This 
property allows LEAs to perform anti-aggregation, protein stabilization, as well as 
molecular chaperone-like activities (Battaglia et al., 2008; Chakrabortee et al., 2007; 
Chakrabortee et al., 2012; Cuevas-Velazquez et al., 2017; Hincha and Thalhammer, 
2012; Kovacs et al., 2008). 
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Several studies have attempted to identify, classify, and assess LEAs function in 
plants (Amara, 2014; Battaglia et al., 2008; Hundertmark and Hincha, 2008; Shih et al., 
2008), however, a comprehensive understanding of the evolutionary history and its 
relationship with the high diversification of protein sequence and function of LEAs in 
plants is still elusive. 
With the increasing number of plant genomes available, a comprehensive 
analysis of the evolution and functional diversification of LEA gene families is now 
possible. The reconstruction of the evolutionary history of a protein family in an entire 
lineage involves homology identification by comparative genome analysis among 
different taxa, and provide a deeper understanding of the evolution of genomic 
complexity and lineage-specific adaptations (Koonin, 2005). Phylogenomic analysis (i.e. 
phylogenetic analysis at the genome scale) has often been employed in order to 
identify cross-species homologs and predict gene function by reconstructing the 
evolutionary history (Eisen, 1998). 
In this study, we performed a large-scale phylogenomic analysis across 60 
complete genomes, combining synteny network and phylogenetic analysis, in order to 
identify LEAs and investigate their origin and evolution in plants. Our synteny analysis 
reveals independent evolutionary patterns that shaped synteny diversification of LEAs 
in plants, and illustrates resultant functional novelties related to water-stress 
adaptation. Our work provides compelling opportunities for further functional 
classification and discovery of new LEA functions in plants. 
 
Results 
 
Distinct origins of LEA families in plants 
We performed a genome-wide sequence homology search to identify the complete 
repertoires of LEAs across 60 genomes of diverse plant species (Figure 1). For that we 
used the most widely employed classification of LEAs that defines eight multi-gene 
protein families (PFAM): Dehydrin (DHN), LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6 and 
Seed Maturation Protein (SMP) (Hundertmark and Hincha, 2008). 
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Figure 1- Species phylogeny and number of LEA genes identified in plant genomes. The 
species tree was inferred using NCBI Taxonomy Browser 
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(https://www.ncbi.nlm.nih.gov/taxonomy). Each LEA family is represented by a specific colour 
(See also Supplementary table 1). The red branches in the phylogenetic tree indicate the basal 
rosid Vitis vinifera, the basal eudicots Beta vulgaris and Nelumbo nucifera, and the basal 
angiosperm Amborella trichopoda. The red and blue stars on the phylogenetic tree indicate 
whole-genome duplication (WGD), and whole-genome triplication (WGT), respectively. 
 
Based on the conservation of Hidden Markov Model (HMM) profiles for the eight LEA 
protein families we identified a total of 4,836 genes, with variable copy number 
distribution among the LEA families and the genomes investigated (Figure 1, 
Supplementary table 1). Only single genes belonging to SMP and LEA_5 were found in 
algal genomes, suggesting an ancestral origin of these families. The Dehydrin, LEA_2 
and LEA_4 families were identified in the bryophyte clade (Physcomitrella patens) and 
LEA_1 and LEA_3 families appeared in the lycophyte lineage (Selaginella moelendorffii). 
The LEA_6 family only emerged in early angiosperms (Amborella trichopoda), likely 
representing the most recent LEA family in plants. Overall, the LEA_2 family was the 
most abundant with 3,126 genes, which are multi-copy in genomes of both 
angiosperms and lower plants. LEA_6, on the other hand, represents the smallest family 
with a total of 89 identified genes, with copy-number varying from 0 to 3, with the 
exception of the resurrection plant Xerophyta viscosa in which six LEA_6 genes were 
identified. The variable copy-number between different taxa suggests independent loss 
or duplication of genes in individual genomes. The under-representation of LEA genes 
in Zostera marina and Spirodela polyrhiza (Olsen et al., 2016), and the over-
representation in X. viscosa (Costa et al., 2017a) have already been reported and 
correlated with the respective desiccation-sensitivity and -tolerance of these species, 
suggesting that the evolution of LEAs contributed to water stress adaptation in plants. 
 
Differential conservation of LEAs in angiosperms 
We used a synteny-based method to identify homology between the proteins and to 
explore the evolutionary history of LEAs in plants. Homologous genes comprise 
orthologs and paralogs, which are corresponding genes in different species that 
evolved from the same ancestral gene, and to genes duplicated within the same 
genome, respectively (Gabaldon and Koonin, 2013; Koonin, 2005). Generally, orthologs 
have equivalent functions in different taxa, while paralogs are prone to perform 
biologically distinct functions (Gabaldon and Koonin, 2013; Koonin, 2005). Synteny 
homologs (syntelogs) have similar genomic context and likely evolved from a common 
ancestor gene (Zhao et al., 2017; Zhao and Schranz, 2017). Syntelogs were inferred with 
the Synteny Network (Synets) method (Zhao et al., 2017; Zhao and Schranz, 2017) 
which enables detection of homologs in corresponding chromosomes in different 
species, as well as paralogs within a species. The output is a network in which the nodes 
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represent anchor genes in a syntenic block and the edges indicate synteny similarity 
(Supplementary figure 1). Synteny communities can be detected in synteny networks 
using community detection methods (Zhao et al., 2017). Table 1 summarizes the 
percentage of syntelogs identified per LEA family as well as the number of synteny 
communities detected in each network (detailed information in Supplementary table 
2). 
 
Table 1 - Summary of syntenic genes and synteny communities identified per LEA protein 
family. 
PFAM 
Total 
genes 
Syntelogs 
(%) 
Synteny 
communities 
DHN 365 62.2 12 
LEA_1 251 63.3 10 
LEA_2 3126 76.0 130 
LEA_3 274 79.9 16 
LEA_4 298 77.2 18 
LEA_5 153 67.3 4 
LEA_6 89 76.4 8 
SMP 280 59.3 11 
Total 4836  209 
 
The variable percentage of syntenic genes and number of synteny communities 
suggest independent evolution between and within the LEA protein families. Genes not 
incorporated in synteny communities by our clustering method are likely to be species-
specific singletons. No syntelogs were identified between angiosperm and non-
angiosperm species, only a few ‘in-paralogs’ (paralogs from the same species) were 
detected in the basal species Sellaginela moellendorffii and Physcomitrella patens 
(Supplementary table 2). Considering the large evolutionary distance between the 
species analysed, we hypothesize that ancient and independent synteny diversification 
between LEA families have functional implications. 
 
Phylogenetic profiling reveals angiosperm-wide and lineage-specific LEAs 
We further analysed the origin of the synteny communities detected with Synets in 
order to obtain information on the evolutionary conservation and diversification of 
LEAs in angiosperms. Presence or absence of a species syntelog in a community of the 
synteny network can be visualized as a phylogenetic profile, enabling inference of the 
origin, expansions, and contractions of the gene family in each clade of the 
phylogenetic tree (Figure 2a). 
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Figure 2 - Phylogenetic profile and evolutionary categorization of syntenic LEAs in the 
genomes analysed. a - Phylogenetic profile showing the number and distribution of syntenic 
LEA genes in plants. Rows represent synteny communities and columns indicate species. The 
colours on top of the profile indicate rosids (pink), asterids (blue), monocots (green), basal 
angiosperm species (red) and Physcomitrella patens and Selaginella moelendorffii (dark grey). 
The species were ordered from the most recent to the most ancient, from the left to the right. 
b - Distribution of syntenic genes in each evolutionary category. AW – angiosperm-wide, MS – 
monocot-specific, ES – eudicot-specific, SS – species-specific (see also Supplementary table 3).  
 
We subdivided the synteny communities into four main evolutionary categories: 
angiosperm-wide (AW), monocot-specific (MS), eudicot-specific (ES), and species-
specific (SS) (Figure 2b, Supplementary table 3). Angiosperm-wide are synteny 
communities that contain genes of at least one monocot and one eudicot species. 
Monocot-specific includes synteny communities containing only monocot genes, and 
eudicot-specific includes communities comprising eudicot genes only. Species-specific 
correspond to paralogs duplicated in an individual genome, also named ohnologs. 
AW communities were found in all LEA families and encompasses the largest 
number of the syntelogs identified (Figure 2b), indicating that the majority of LEA genes 
have a common origin in angiosperms and are likely located in a more ancestral 
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genomic context. The angiosperm-wide conservation of LEAs is particularly observed 
in the families DHN, LEA_5 and SMP, where more than 80% of the syntelogs identified 
are shared amongst angiosperm species. Lineage-specific duplications (MS and ES) 
have also significantly contributed to the repertoire of LEAs in plants, especially in 
LEA_3 and LEA_6 families, where more than 40% of the syntelogs are distributed over 
these two categories. SS paralogs were overall underrepresented or absent in the 
genomes investigated, likely due to low frequency of local gene duplications, or the 
duplicated copies were more likely to be lost in individual genomes. The finding of 
lineage-specific and species-specific synteny suggests that duplication events other 
than whole genome duplications (WGD) have significantly contributed to the 
expansion of LEA families in plant genomes. 
The fact that LEA_5 has the smallest number of synteny communities and that 
the majority of the genes belong to AW conserved genomic context indicate that this 
is the most conserved LEA family in plants. On the other hand, the large number of 
LEA_2 syntelogs in AW communities indicates that this is the most diverse LEA family 
in the plant lineage. 
 
Structural and functional diversification contributed to LEA evolution 
Duplication events may introduce a gene copy into a new regulatory context, leading 
to differential evolutionary and regulatory constraints, which is one of the main sources 
driving functional innovation within a gene family (Conant and Wolfe, 2008; Flagel and 
Wendel, 2009). Therefore, in the next sections we provide a few examples from our 
synteny analysis of remarkable structural and functional innovations within LEA families 
resulting from differential evolution of the genomic context. 
 
Dehydrin: Biochemical, structural, and expression pattern innovations during 
angiosperm evolution 
Dehydrin (DHN) is classified as a LEA family due to the gene expression during late 
seed embryogenesis and ability to perform ‘classical’ chaperone activity, preventing 
heat-induced protein aggregation and inactivation in vitro (Kovacs et al., 2008; Liu et 
al., 2017a). In our dataset, we found that DHN genes are distributed across two main 
angiosperm-wide synteny communities and a maximum likelihood tree supports the 
phylogenetic separation of these communities in angiosperms (Figure 3a). 
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Figure 3 - Characteristics of Dehydrin synteny communities. a - Maximum likelihood tree 
of all DHN genes found in the genomes of 60 species. The inner circle indicates species 
belonging to monocots (green), rosids (pink), asterids (blue), basal species (red), the 
gymnosperm Picea abies (brown), and the bryophyte Physcomitrella patens (light green). The 
connections between the branches indicate synteny between the gene pairs. Synteny 
communities 1 and 2 are indicated (blue and pink connections, respectively), dots on the 
branches represent bootstrap support values (>85). The larger the dots the higher the 
bootstrap values. b - Glycine (Gly) content and GRAVY index plot (Gly/GRAVY plot) showing 
the distribution of hydrophylins between community 1 and 2. The arrows indicate a schematic 
representation of the consensus sequence of proteins of community 1 and 2, respectively. The 
F-, Y-, S-, and K- protein segments are indicated according to their position in the protein 
sequences. c - Absolute expression values of DHN genes in Arabidopsis thaliana. The 
expression data was retrieved from the Bio-Array Resource for Arabidopsis Functional 
Genomics (http://bar.utoronto.ca/) and from Hundertmark and Hincha (2008). The dots on the 
branches of the phylogenetic tree indicate bootstrap support values (>75). Connections 
between the rows represent synteny relationships. 
 
Some of the DHNs are called ‘hydrophylins’ because of their specific response 
to osmotic stress (Garay-Arroyo et al., 2000; Jaspard and Hunault, 2014). Hydrophylins 
play important roles in protecting cell components from the adverse effects caused by 
low water availability due to their biochemical properties such as high Glycine (Gly) 
content (> 6%) and low grand average hydropathy (GRAVY) (< -1) (Battaglia et al., 2008; 
Garay-Arroyo et al., 2000; Reyes et al., 2008). In order to investigate the distribution of 
hydrophylins in angiosperms, we analysed the Gly content and GRAVY index of each 
protein within the two largest angiosperm-wide DHN communities (Figure 3b). 
Although both communities contain proteins with hydrophylin properties, community 
1 contains proteins with more variable Gly/GRAVY composition than community 2 
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proteins which have a more homogeneous Gly/GRAVY distribution. These findings 
indicate that, even though hydrophylin-type proteins do not form an isolated synteny 
community, there is a clear biochemical divergence between proteins that evolved in 
distinct genomic contexts. 
DHN proteins have been functionally subdivided into four to five main 
architectures based on the presence and organization of specific motifs called Y-, S- or 
K- segments (Banerjee and Roychoudhury, 2016; Close, 1996; Hunault and Jaspard, 
2010; Malik et al., 2017). We performed multiple sequence alignments of proteins from 
the DHN synteny communities 1 and 2 in order to investigate the diversification of the 
different functional motifs (Supplementary figure 2a-b). Our data indicate that the 
majority of proteins of community 1 comprises Y(n)SK(n) types (Figure 3b, 
Supplementary figure 2a), while community 2 contains mainly SK(n)-type proteins, 
lacking the Y-segment at the N-terminus (Supplementary figure 2b). While lacking the 
Y-segment, proteins from community 2 possess a new conserved segment at the N-
terminus (DRGLFDFLGKK). This motif is named F-segment, and it was recently 
characterized as an overlooked motif in angiosperms and gymnosperms, with potential 
functional roles in membrane and protein binding (Strimbeck, 2017). Interestingly, 
genes encoding proteins belonging to community 1 are expressed mainly during seed 
development, and some of the genes can be induced by abiotic stress (Figure 3c). On 
the other hand, genes encoding the F-type DHN proteins of community 2 seem to be 
specifically induced by abiotic stresses such as drought, heat and salinity. The 
combined results indicate that the ancient synteny diversification of DHN in 
angiosperms has resulted in biochemical and sequence innovations, as well as changes 
in expression patterns that may be related to functional specificity within this protein 
family. To date, this is the first documentation of the evolution and diversification of 
the F-segment in angiosperms, and its association with abiotic stress. 
 
LEA_1: Ancient diversification of Intrinsically Disordered Proteins (IDPs) in 
angiosperms 
LEA_1 proteins, also known as Group 4, accumulate in the plant cell in response to 
water stress and have been proposed as model to study intrinsically disordered 
proteins (IDPs) in plants (Cuevas-Velazquez et al., 2017; Olvera-Carrillo et al., 2010). 
This family has been subdivided into two main subclasses based on protein sequence 
features (Battaglia et al., 2008). One of the subgroups, named group 4A, comprises 
smaller proteins (80-124 residues) and the second group, 4B, has longer 
representatives (108-180 residues). Both subclasses possess a conserved portion at the 
N-terminal region, and a disordered C-terminal region predicted to form alpha-helices 
under water limiting conditions (Cuevas-Velazquez et al., 2017). 
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Our data indicates that LEA_1 members are distributed in 10 synteny 
communities, and 70% of the homologs identified with Synets belong to two 
angiosperm-wide (AW) communities (Figure 2b, 4a). 
 
 
Figure 4 - Phylogenetic and synteny characteristics of LEA_1. a - Phylogenetic profile of 
LEA_1 indicating the distribution of the synteny communities detected in the species 
phylogenetic tree. The red and blue stars indicate whole-genome duplication (WGD) and 
whole-genome triplication (WGT), respectively. b - Maximum likelihood tree of the LEA_1 
family. The circle inside the tree indicates species belonging to monocots (green), rosids (pink), 
asterids (blue), basal species (red), the gymnosperm Picea abies (brown), the bryophyte 
Physcomitrella patens (light green), and the lycophyte Selaginella moellendorffii (olive green). 
The connections between the branches indicate synteny between the gene pairs, and dots on 
the branches represent bootstrap support values (>85).The larger the dots the higher the 
bootstrap values. c - Partial representation of the multiple sequence alignments of amino acid 
sequences of the communities 1 and 2 (top 10 sequences). 
 
The absence of clear synteny and phylogenetic separation in the phylogenetic 
tree suggests that some of the ES and MS communities have originated through 
duplication or transposition of genes from AW communities (Figure 4b). We found 
differences between the consensus sizes of the multiple sequence alignments of 
protein from the two AW communities (Figure 4c, Supplementary figures 3a-b), what 
indicates that AW community 1 represents the subclass 4B of longer protein sequences, 
whereas community 2 contains members of subclass 4A of smaller proteins. This 
suggests that the diversification of intrinsically disordered regions (IDRs) in LEA_1 
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occurred before the origin of monocots and eudicots, and that these protein types 
have been conserved in angiosperm genomes during evolution. 
 
LEA_2: Expansion and diversification through recurrent tandem duplications 
LEA_2 is the largest LEA family, and has been considered atypical because it contains 
proteins with more hydrophobic amino acids and more defined secondary structure in 
solution compared with the other LEA families (Hundertmark and Hincha, 2008; Singh 
et al., 2005). Members of this family have been associated with the hypersensitive 
response (HR) after microbial and parasitic nematode infection, which also differs from 
the other families (Ciccarelli and Bork, 2005; Escobar et al., 1999; VanderEycken et al., 
1996). However, functions associated with salinity, freezing, heat, UV radiation, osmotic, 
and oxidative stress in vitro have also been documented for LEA_2 proteins (He et al., 
2012; Jia et al., 2014; Jiang et al., 2017). 
Despite the large number of members, in general, synteny and phylogeny of the 
LEA_2 are in agreement, with highly supported branches in the phylogenetic tree 
connecting genes that belong to the same synteny community (Figure 5a). 
 
 
Figure 5 - Tandem duplications of the LEA_2 family. a - Maximum likelihood tree containing 
all LEA_2 genes identified. The colours displayed in the inner circle indicate genes belonging 
to monocots (green), rosids (pink), asterids (blue), basal species (red), the gymnosperm Picea 
abies (brown), the bryophyte Physcomitrella patens (light green), and the lycophyte Selaginella 
moellendorffii (olive green). The connections between the branches indicate synteny between 
the gene pairs, and all the communities with at least 100 syntenic genes are displayed in 
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different colours. Synteny communities 1 and 2 are indicated. The dots on the branches indicate 
bootstrap support values (>85). The larger the dots the higher the bootstrap values. b - Synteny 
network of genes belonging to community 1 (circles) and community 2 (triangles). The colours 
displayed in the nodes represent the clades as indicated in (a). Tandem genes are indicated by 
a thicker black border. c - Summary of the number of tandem duplicates in the synteny 
communities 1 and 2 (see also Supplementary table 4). The tree is a simplified version of the 
species tree presented in figure 1. Red stairs indicate WGD and blue stars indicate WGT. 
 
Interestingly, there is an evident interconnection between two of the largest 
LEA_2 synteny communities (Figure 5a-b). We found that these communities contain 
several tandem duplicates widespread in monocots and eudicots (Figure 5b-c). In fact, 
we also found several other tandem duplicates across other LEA_2 communities 
containing monocots and eudicots genes (Supplementary table 4). These results 
indicate that tandem duplications have significantly contributed to the expansion and 
diversification of the large LEA_2 family in angiosperms, and may be one of the causes 
of the diversified functionality of this atypical LEA family. 
 
LEA_4: Dynamic synteny in plant desiccation tolerance 
LEA_4 genes, also known as group 3, are also found in non-plant organisms that display 
DT such as rotifers, arthropods, nematodes, and tardigrades (Browne et al., 2002; Gusev 
et al., 2014; Kikawada et al., 2006; Tunnacliffe et al., 2005) suggesting an association 
with the evolution of DT. In plants, LEA_4 is strongly associated with DT in basal and 
angiosperm resurrection species via an ancient conserved ABA signalling pathway 
(Cuming et al., 2007; Delahaie et al., 2013; Hundertmark and Hincha, 2008; Shinde et 
al., 2012; Stevenson et al., 2016). Our species set contained two desiccation tolerant 
species, the bryophyte P. patens and the monocot X. viscosa; however, synteny cannot 
be detected between these species due to the large evolutionary distance. 
Nevertheless, we found that LEA_4 genes are distributed across several AW, MS, and 
ES synteny communities that are phylogenetically separated, suggesting a dynamic 
evolutionary history of this gene family in angiosperms (Figure 2b, Supplementary 
figure 4). Interestingly, only one of the eight LEA_4 genes identified in X. viscosa shares 
synteny with other angiosperm species, all the other duplicates are singletons or in-
paralogs (Supplementary table 5). In X. viscosa, the LEA_4 family has expanded as 
compared with other monocot species (Costa et al., 2017a), which was correlated with 
a stronger desiccation response. Altogether, it seems that LEA_4 has evolved 
dynamically in angiosperms, and loss of synteny may have resulted in fixation of these 
genes in the genome, resulting in improved contribution to DT in resurrection plants. 
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Discussion 
 
How does the plant genome adapt to environmental stress? This question has been 
addressed frequently in recent years. It has been proposed that adaptation to novel or 
stressful environments is correlated with the retention of duplicated genes (Flagel and 
Wendel, 2009; Jiao et al., 2011; Kondrashov, 2012; Panchy et al., 2016). Among the many 
models for duplicated gene evolution (Conant and Wolfe, 2008; Innan and Kondrashov, 
2010), it is suggested that genes that should be rapidly or constantly produced in 
response to environmental stress might be more prone to selection after duplication 
(Kondrashov, 2012). 
In plants, the group of Late Embryogenesis Abundant (LEA) proteins, composed 
of eight multi-gene families (Dehydrin, LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6 and 
SMP), have been shown to play roles in water stress tolerance, and may represent a 
conserved and indispensable component of networks involved in environmental stress 
adaptation that allowed plants to endure the constraints associated with land 
adaptation (Amara, 2014; Hincha and Thalhammer, 2012; Shih et al., 2008). Evidence 
suggests that there is functional variability between and within each of the eight 
families (Hundertmark and Hincha, 2008), which raises questions pertaining to the 
sources of functional variations, the precise biological functions of each family, if and 
how LEA families work as one entity, and which LEA genes are involved in plant 
development and stress tolerance. 
To address these questions we interrogated 60 whole genomes, ranging from 
green algae to angiosperms and analysed the ancestry, conservation, and 
diversification of LEAs in plants. We found that LEA proteins belonging to LEA_5 and 
SMP families have arisen early in the plant lineage, while the other families appeared 
at later instants during plant evolution (Figure 1). Previous studies have already shown 
the presence and expression of ancient LEAs in algal genomes (Joh et al., 1995; 
Wodniok et al., 2011), corroborating the hypothesis that the ancestral fresh water 
lineages were pre-adapted to terrestrial environments, and the evolution of pre-
existing and new gene families, including LEAs, may have facilitated the colonization of 
land (Becker and Marin, 2009; Rensing et al., 2008). It seems possible that later LEA 
families expanded and diversified in embryophytes as a result of the evolution of more 
specialized cells, tissues and organs such as spores and seeds, that required a better 
control of water retention and protection against desiccation and other stresses. 
Synteny homology analysis indicated that the majority of LEA genes are located 
in angiosperm-wide conserved genomic regions, while the finding of clade-specific as 
well as species-specific gene copies indicates that the continuing expansion and 
diversification of angiosperm genomes contributed to the evolution of LEA gene 
C
ha
pt
er
 3
 
 
Page | 60 
 
Dissecting the genomic diversification of LATE EMBRYOGENESIS ABUNDANT proteins in plants 
families (Figure 2). Stress-regulated genes retained after duplication events are more 
likely to neofunctionalize instead of inheriting the ancestral function, which might be 
in part related to changes in biochemical function and in cis-regulatory regions 
(Arsovski et al., 2015; Conant and Wolfe, 2008; Zou et al., 2009). As a result of these 
changes, complete or partial diversification of the interaction and regulatory networks 
in which the duplicated genes are involved might also occur. It is likely that the genes 
belonging to the same synteny community (positional homologs) display similar 
functions, and genes in different communities are likely to display functional 
innovations (Dewey, 2011).  
We identified highly conserved synteny between LEA_5 genes in most genomes 
investigated, suggesting evolutionary constraints on maintaining the stability of their 
genomic context. These constraints may include the correct functioning of the 
maturation-induced desiccation program, where LEA_5 genes of A. thaliana were 
shown to play important roles (Manfre et al., 2006), and may be conserved across all 
orthodox angiosperm species. 
We also found several examples of correlation between synteny diversification 
and functional innovations. Genes from the largely studied Dehydrin (DHN) family are 
localized in two distinct synteny communities across the angiosperm lineage (Figure 
3a). Presumably, new regulatory elements were acquired in the duplicated copies, and 
differential evolutionary forces may have driven protein diversification, resulting in 
distinct biochemical properties (Figure 3b). The consequent differential gene 
expression (developmental or stress induced) may have allowed the preservation of 
duplicated copies in the different genomes, and amplified the stress tolerance 
response. The finding of functionally diverse Dehydrin types in P. patens suggests that 
the colonization of land was one of the forces driving Dehydrin evolution (Agarwal et 
al., 2017; Ruibal et al., 2012). Similarly, LEA_1 have evolved into two angiosperm-wide 
synteny communities composed by two protein types containing distinct intrinsically 
disordered regions IDRs (Figure 4c). Our findings point toward an ancient functional 
divergence among LEA_1 members, which would explain their structural plasticity and 
‘moonlighting’ properties associated with multiple abiotic stresses (Covarrubias et al., 
2017; Cuevas-Velazquez et al., 2017). 
Another source of evolutionary adaptations to environmental stress is gene 
family expansion via recurrent tandem duplications (Cannon et al., 2004; Hanada et al., 
2008). Tandem duplications offers a pool of targets for evolutionary selection 
contributing to the maintenance of large gene families. These large gene families are 
enriched with genes important for rapid environmental adaptation such as biotic 
stress-responsive genes (Cannon et al., 2004; Hanada et al., 2008). We found several 
tandem duplicates in the synteny network of LEA_2 distributed across the whole 
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angiosperm lineage (Figure 5). This supports the atypical structured and hydrophobic 
nature of LEA_2 proteins and its broader spectra of gene expression in response to 
biotic and abiotic stresses (Ciccarelli and Bork, 2005; Hundertmark and Hincha, 2008; 
Singh et al., 2005). 
Most of the LEA gene expression during seed development and environmental 
stresses is regulated via abscisic acid (ABA)-signalling pathways (Delahaie et al., 2013; 
Espelund et al., 1992; Galau et al., 1986; Shinde et al., 2012; Stevenson et al., 2016). The 
desiccation-induced LEA gene expression via ABA-responsive pathways is conserved 
across basal and angiosperm resurrection species (Cuming et al., 2007; Shinde et al., 
2012; Stevenson et al., 2016). It seems that the acquisition of new genomic contexts by 
desiccation-related LEAs of the resurrection monocot X. viscosa is an important 
footprint of DT, and suggests a conserved regulation of these duplicates in order to 
assure cellular protection under desiccation conditions. 
Resurrection plants are species adapted to live in environments with low water 
availability, displaying specific molecular and genomic adaptations of DT (Farrant and 
Moore, 2011; Gaff and Oliver, 2013; Illing et al., 2005; Mundree, 2002; Oliver et al., 2000). 
The concept of DT is different from drought tolerance because drought tolerance refers 
to the tolerance to moderate water removal without removal of the bulk of cytoplasmic 
water (Shih et al., 2008), while DT refers to the tolerance to a further dehydration with 
an increased removal of the water shell and the capacity to survive long periods in the 
dry state (Hoekstra et al., 2001). Understanding the mechanisms underlying DT can 
help to improve drought tolerance in crops (Costa et al., 2017a; Leprince and Buitink, 
2010; Mundree, 2002). Several crops from the grass family (Poaceae) constitute major 
contributors to global food security that have become targets of genomic programs 
aiming at improved drought tolerance. In grasses, overexpression of LEAs has already 
been shown to enhance tolerance to drought and other stresses (Babu, 2004; Chen et 
al., 2015; Fu et al., 2007; Xiao et al., 2007). We believe that comprehending the impact 
of synteny diversification in functional innovations in the LEA families may offer an extra 
powerful tool to select candidates for engineering drought and desiccation tolerant 
crops. 
This data also opens several opportunities for hypothesis-driven fundamental 
and experimental characterization of the myriad of functions of LEA proteins, and the 
role of the diversification of the genomic context in plant evolution and adaptation to 
environmental stresses. Deciphering the evolution of eight gene families, with variable 
protein structure and diversified expression patterns over billions of years, is a 
challenging task. Despite the general association of LEAs with water stress response, 
our work provides strong examples of a clear evolutionary divergence resulting in 
differential protein evolution. The diversity of LEA families in angiosperms is a result of 
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extensive and dynamic synteny evolution, which indicates that the complexity of these 
gene families goes beyond their protein sequences. 
 
Materials and Methods 
 
Identification of LEA proteins in 60 genomes 
We used 60 fully sequenced genomes available in Phytozome (Goodstein et al., 2012) 
(https://phytozome.jgi.doe.gov/), and the recently published genome of Xerophyta 
viscosa (Costa et al., 2017a). Our species list includes representative species belonging 
to green algae, mosses, lycophytes, gymnosperms, early angiosperms, monocots, early 
eudicots, asterids and rosids (Figure 1, Supplementary table 1). 
Several classifications have been proposed for LEA proteins (for a review, see 
(Battaglia et al., 2008). Here we used the PFAM annotation for protein families (Bateman 
et al., 2002) based on conserved protein domains (Hundertmark and Hincha, 2008). 
This annotation classifies LEAs into eight PFAMs: Dehydrin (DHN) (PF00257), LEA_1 
(PF03760), LEA_2 (PF03168), LEA_3 (PF03242), LEA_4 (PF02987), LEA_5 (PF00477), LEA_6 
(PF10714), and Seed Maturation Protein (SMP) (PF04927). Hidden Markov Models 
(HMM) retrieved from the PFAM 3.0 database (http://Pfam.xfam.org) were queried 
against the 60 plant genomes to identify LEA proteins for each family using the 
program ‘hmmscan’ of the HMMER3.0 package (Finn et al., 2011). All proteins with 
significant hits (e-value < 0.001) were used in this analysis. 
 
Synteny network construction and community detection 
We used the Synets method (Zhao et al., 2017; Zhao and Schranz, 2017) for syntenic 
block calculations, network construction and community detection 
(https://github.com/zhaotao1987/SynNet-Pipeline). In summary, pairwise all-against-
all comparisons were performed using RAPSearch (Zhao et al., 2012). Synteny block 
detection was performed with MCScanX software (Wang et al., 2012) with default 
parameters (minimum collinear block size = 5 genes, maximum gaps = 25 genes). The 
syntenic blocks containing the identified LEA sequences were used to build synteny 
networks (Synets) that were visualized and edited with Cytoscape 3.3.0 (Shannon et al., 
2003) and Gephi 0.9.1 (Bastian, 2009). Infomap (Rosvall and Bergstrom, 2008) was used 
to find communities within the synteny networks, which is implemented under “igraph” 
package in R (http://igraph.org/r/doc/cluster_infomap.html). All synteny communities 
were numbered according to the largest to the smallest number of genes, and later 
renamed per LEA family accordingly (Supplementary table 2). The synteny communities 
were further analysed with a phylogenetic profiling. Phylogenetic profiling allows the 
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visualization of the synteny communities that are lineage-specific or shared amongst 
different species. All synteny communities were decomposed into numbers of  involved  
syntenic gene copies in each genome. Dissimilarity index of all clusters was calculated 
using the “Jaccard” method of the vegan package (Dixon, 2003), hierarchically clustered 
by “ward.D”, and visualized by “pheatmap”. 
 
Phylogenetic analysis 
Multiple sequence alignments (MSAs) were built for each of the eight LEA families 
using MAFFT v.7 (Katoh et al., 2002). We used the automated method for the PFAM 
LEA_2 due to the large number of sequences, and the method G-INS-l for all other LEA 
PFAMs. Phyutility 2.2.6 (Smith and Dunn, 2008) was used to trim gaps and maintain 
75% of the consensus protein alignment. The final MSAs were edited and displayed 
with Jalview 2.10.3 (Waterhouse et al., 2009). IQ-TREE v.1.5.1 (Nguyen et al., 2015) was 
used to infer Maximum Likelihood (ML) trees with 1000 bootstraps for each alignment. 
All phylogenetic trees were edited and displayed with the online tool iTOL (Letunic and 
Bork, 2016). 
  
Physicochemical properties and expression data of Dehydrin 
The hydrophilicity index of Dehydrin proteins was calculated with the online GRAVY 
calculator (http://www.gravy-calculator.de/). More hydrophilic proteins have a more 
negative GRAVY score, and more hydrophobic proteins have a more positive GRAVY 
score. In order to reveal hydrophylin-type proteins (GRAVY < -1 and Gly > 6%), 
individual GRAVY scores were plotted against the percentage of Glycine (Gly) per 
protein sequence (Battaglia et al., 2008; Garay-Arroyo et al., 2000). Absolute gene 
expression values were retrieved from the e-Northern tool provided by the Bio-Array 
Resource for Arabidopsis Functional 
Genomics (http://bar.utoronto.ca/) as well as from the datasets of seed and silique 
development, dry seed, drought and heat shock of Hundertmark and Hincha (2008). 
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Supplementary figure 1 - Synteny networks of LEA genes. Synteny networks were built with 
the synteny information of syntelogs identified with Synets. Node colours indicate species 
belonging to monocots (green), rosids (pink), asterids (blue), the basal rosid Vitis vinifera, the 
basal eudicots Beta vulgaris and Nelumbo nucifera, and the basal angiosperm Amborella 
trichopoda (red). Physcomitrella patens and Selaginella moelendorffii syntelogs are indicated 
as black nodes. Node size indicates the number of connections: bigger nodes have more 
connections (stronger synteny relationships). 
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Supplementary figure 2 - Multiple Sequence Alignments (MSA) of proteins belonging to 
DHN. MSA of proteins belonging to DHN synteny community 1 (a) and 2 (b). The consensus 
sequence is shown at the top of each alignment. The F-, Y-, S-, and K- protein segments are 
indicated. 
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Supplementary figure 3 - Multiple Sequence Alignments (MSA) of proteins belonging to 
LEA_1. MSA of proteins from synteny community 1 (a) and 2 (b). 
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Supplementary figure 4 - Maximum likelihood trees and synteny relationships of LEA_4. 
The circle inside the tree represents species belonging to monocots (green), rosids (pink), 
asterids (blue), basal species (red), the gymnosperm Picea abies (brown), the bryophyte 
Physcomitrella patens (light green), and the lycophyte Selaginella moellendorffii (olive green). 
The connection between the branches indicates synteny between the gene pairs and the dots 
on the branches indicates bootstrap support values (>85). The larger the dot the higher the 
bootstrap value. The colour scale for the different communities is indicated at the left. 
 
Supplementary Tables 
 
The supplementary material of this chapter can be downloaded from 
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Abstract 
Late Embryogenesis Abundant proteins (LEAs) are essential players of the desiccation 
tolerance (DT) response of resurrection plants due to their ability to protect the 
subcellular milieu against irreversible damage. In this work we characterized the 
structure and function of six LEAs expressed during desiccation in the monocot 
resurrection species Xerophyta viscosa (XvLEAs). In silico analyses suggested that 
XvLEAs are hydrophilic intrinsically disordered proteins (IDPs) and circular dichroism 
(CD) analysis indicated that the proteins are mostly unstructured in water, while 
acquisition of secondary structure may occur in hydrophobic environment. We show 
the protective properties of XvLEAs by their ability to preserve the activity of the 
enzyme lactate dehydrogenase (LDH) against desiccation, heat and oxidative stress, as 
well as growth of Escherichia coli upon osmotic and salt stress. Subcellular localization 
analysis indicated that XvLEA recombinant proteins are differentially distributed in the 
cytoplasm, membranes and nucleus of Nicotiana benthamiana leaves. Interestingly, a 
LEA_1 family protein (XvLEA1-8) showing the highest disorder-to-order propensity and 
protective ability in vitro and in vivo was also able to enhance salt and drought stress 
tolerance in Arabidopsis thaliana. Together, our results suggest that the structural 
plasticity of XvLEAs is essential for their protective activity to avoid damage of various 
subcellular components caused by water deficit stress. XvLEA1-8 constitutes a potential 
model protein for engineering structural stability in vitro and improvement of water-
deficit stress tolerance in crops. 
 
 
Key-words: circular dichroism, intrinsic disorder, Late Embryogenesis Abundant 
proteins, water-deficit stress tolerance. 
 
 
 
 
 
 
 
 
 
 
 
 
 Page | 71 
 
Structural and functional characterization of LEA proteins from Xerophyta viscosa 
Introduction 
 
Water availability is one of the major environmental factors that affect plant growth, 
development and productivity. During their life cycle plants may endure periods of 
environmental drought and depending on the duration of such periods, it may lead to 
irreversible structural damages affecting plant development and survival. Most higher 
plants undergo programmed water loss during their life cycle, which may occur in 
organs such as pollen, spores and seeds (Bewley, 1995; Scott, 2000). A group of about 
135 angiosperm plant species have been described as ‘resurrection plants’ for the 
ability of their leaves to tolerate the loss of nearly 80% to 95% of cellular water and 
resume growth and photosynthetic activity within a few hours after rehydration (Farrant 
et al., 2015; Oliver et al., 2000; Porembski, 2011; Scott, 2000). It is likely that desiccation 
tolerance (DT) appeared in the plant lineage during the transition from water to land, 
became confined to reproductive structures as plants evolved, and reappeared in 
vegetative structures of angiosperm resurrection plants by redirecting pre-existing 
genes and pathways in order to survive in the dry state (Farrant and Moore, 2011; Gaff 
and Oliver, 2013; Ingram and Bartels, 1996; Oliver et al., 2000; Rensing et al., 2008; 
Wodniok et al., 2011). 
Recently the genome of the resurrection species Xerophyta viscosa has been 
sequenced (Costa et al., 2017b). X. viscosa is a monocot species belonging to the 
Velloziaceae family, and it is distributed mainly in southern African regions and inhabits 
rocky terrain or inselbergs in exposed grasslands (Farrant et al., 2015; Mello-Silva et al., 
2011; Porembski and Barthlott, 2000). It is a poikilochlorophyllous plant, meaning that 
the photosynthetic apparatus is dismantled and chlorophyll is degraded below 55% 
relative water content (RWC) (Farrant et al., 2015; Mundree, 2002; Sherwin and Farrant, 
1998). The fact that X. viscosa is a resurrection monocot species and phylogenetically 
related to most important grass crops from the Poaceae family, opens several 
possibilities to study DT and apply this knowledge to improve drought tolerance in 
crops (Costa et al., 2017b; Farrant et al., 2015). 
Several mechanisms of responses to desiccation in X. viscosa leaves have been 
correlated with its resurrection phenotype (Farrant et al., 2015). Among the essential 
adaptive mechanisms to survive loss of water, the accumulation of protective molecules 
has been shown to be an essential component of DT at the subcellular level. These 
molecules include sucrose, raffinose family oligosaccharides (RFOs) and Late 
Embryogenesis Abundant (LEA) proteins which are thought to act, inter alia, as 
osmoprotectants in the formation and stability of the so-called cytoplasmic glassy state 
(Buitink and Leprince, 2004; Farrant et al., 2012; Hoekstra et al., 2001; Koster, 1991; 
Leprince et al., 1993; Vicré, 2004).  
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LEA proteins were first discovered due to their accumulation during late stages 
of embryo development of cotton seeds, coinciding with their acquisition of DT (Dure 
et al., 1989a; Dure et al., 1981a; Galau et al., 1986). LEA transcripts were later found to 
accumulate in leaves of resurrection plants upon drying, and their characteristic stress-
induced expression has led to the hypothesis that these proteins are involved in stress-
responses mediated by abscisic acid (ABA) (Galau et al., 1986). LEA transcription 
appears to be inducible by ABA and osmotic stress and is evident upon drying below 
60-40% RWC, a common pattern observed in both seeds and resurrection plants (Costa 
et al., 2017b; Illing et al., 2005; Leprince and Buitink, 2010). Interestingly, the translation 
of some LEAs has been shown to occur a few hours or even days after their 
transcription, suggesting regulation at the transcriptional and translational levels 
(Chatelain et al., 2012; Espelund et al., 1992; Galau et al., 1987; Hughes and Galau, 1991; 
Verdier et al., 2013). In addition to transcriptional and translational regulation, some 
LEA proteins were shown to undergo posttranslational modifications, reflecting the 
complexity of the regulation of these proteins at various levels (Boudet et al., 2006; 
Riera et al., 2004). 
LEAs have been classified into eight protein families (PFAM), Dehydrin (DHN), 
LEA_1, LEA_2, LEA_3, LEA_4, LEA_5, LEA_6, and seed maturation protein (SMP), based 
primarily on the nature of conserved motifs together with predictive modelling of 
domain composition (Finn et al., 2011; Hundertmark and Hincha, 2008). This 
bioinformatics classification does not account for functional differences among the 
families and indeed little is known about the precise functions of most LEAs. They do 
have biochemical properties in common that enable them to perform anti-aggregant-
, chaperone- and antioxidant activities in vitro (Chakrabortee et al., 2007; Goyal et al., 
2005b; Hincha and Thalhammer, 2012). 
Several LEA proteins are assumed to be intrinsically disordered proteins (IDPs) 
considering their ability to undergo order to disorder transitions in different in vitro 
environments (Bremer et al., 2017; Cuevas-Velazquez et al., 2017; Cuevas-Velazquez et 
al., 2016; Hundertmark et al., 2012; Mouillon et al., 2006; Popova et al., 2011; Rivera-
Najera et al., 2014; Shih et al., 2012; Shih et al., 2010; Soulages et al., 2002). This 
interesting physicochemical characteristic allows LEAs to form homo- and 
heterodimers and to interact with multiple targets (Cuevas-Velazquez et al., 2016; 
Hernandez-Sanchez et al., 2017; Popova et al., 2015; Tolleter et al., 2007). The 
ubiquitous distribution of LEA-like proteins in bacteria and invertebrates suggests that 
similar protective mechanisms of DT involving LEAs have evolved across different life 
forms (Costa et al., 2016; Tunnacliffe and Wise, 2007). 
The myriad of secondary structures enables LEAs to play multiple roles in abiotic 
stress tolerance, constituting an essential footprint of desiccation tolerance in seeds 
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and resurrection plants (Costa et al., 2017b; Maia et al., 2011). Due to the fundamental 
role of LEAs in stress tolerance in organisms submitted to loss of water, these proteins 
have an enormous biochemical potential for engineering biostability in the dry state, 
and to be used as conserving and anti-aggregant agents of organic materials under 
desiccation-, heat- and oxidation stresses, as well as applications in the pharmaceutical 
or cosmetic industry for moisture retention due to their hydrophilic nature (Goyal et 
al., 2005c; Li et al., 2012a). 
To further characterize and explore the biochemical, structural and functional 
properties of LEAs we cloned the coding sequences of six LEA genes expressed in X. 
viscosa leaves upon desiccation: XvDHN12, XvLEA1-8, XvLEA4-8, XvLEA4-12, XvLEA6-
2, and XvSMP4. We examined the secondary structure of these LEA proteins by circular 
dichroism (CD) and monitored their folding dynamics in hydrophobic solution. In vitro 
and in vivo experiments demonstrated that these XvLEAs perform protective roles 
under desiccation-, heat-, oxidative-, salt- and osmotic stress. The protective activity of 
XvLEAs seems protein type-specific, with a strong correlation between the ability to 
form defined secondary structures in vitro and the extent of protection both in vitro 
and in vivo. XvLEAs are localized in multiple subcellular compartments such as nucleus, 
membrane and cytoplasm, supporting the idea of universal cell protection by LEAs. 
Heterologous expression of XvLEA1-8 in Arabidopsis thaliana leads to higher tolerance 
to salt and osmotic stress in seedlings, and drought in adult plants. Our work sheds 
new light on the biochemical properties of these stress responsive proteins, and 
highlights characteristics of LEAs that can be useful for bioengineering protein stability 
in vitro and improving abiotic stress tolerance in crops. 
 
Results 
 
XvLEAs are predicted to be intrinsically disordered 
The expression of the six XvLEAs used in our analysis has been reported to be increased 
in X. viscosa leaves upon desiccation between 60% RWC (1.5gH2O g-1 dwt) and 40% 
RWC (1.0gH2O g-1 dwt) (Supplementary figure 1), coinciding with the activation of the 
molecular signature of the resurrection physiology. In parallel, genes related to protein 
folding, protection and translational control were also enriched (Costa et al., 2017b).  
The cDNA of the six XvLEAs contained an open reading frame (CDS) ranging 
from 309 to 1149 nucleotides encoding proteins with 102 to 382 amino acids with 
molecular weights between 10.73 and 38.92kDa (Table 1). The theoretical isoelectric 
point (pI) ranged from 4.3 to 8.6, indicating that XvLEAs expressed upon desiccation 
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constitute acidic, neutral and basic proteins. All six XvLEAs had a negative GRAVY index, 
a common characteristic of hydrophilic LEA proteins (Battaglia et al., 2008). 
 
Table 1 – Characteristics of X. viscosa LEAs. 
Gene ID PFAM Name 
CDS 
size 
Number of 
amino acids 
Molecular 
weight 
(kDA) 
Theoretical pI GRAVY 
Xvis02_06457 pf04927 XvSMP4 918 305 31.68 4.3 -0.437 
Xvis02_11331 pf02987 XvLEA4-8 441 146 15.55 6.6 -1.316 
Xvis02_12059 pf02987 XvLEA4-12 1149 382 38.92 5.9 -0.872 
Xvis02_20008 pf03760 XvLEA1-8 321 106 10.73 8.6 -0.916 
Xvis02_08790 pf10714 XvLEA6-2 309 102 11.11 5.0 -1.095 
Xvis02_23545 pf00257 XvDHN12 372 123 13.44 7.2 -1.389 
 
The percentage of polar residues was relatively high compared to non-polar 
residues in all XvLEAs, with the exception of XvSMP4 with 52.79% non-polar residues 
(Supplementary table 1). The disorder promoting amino acids Alanine (A), Lysine (K), 
Glycine (G), Glutamine (Q) and Glutamic acid (E) were enriched in at least four of the 
six sequences. These characteristics indicate that the majority of the studied XvLEAs are 
likely to be intrinsically disordered proteins (IDPs) (Dunker et al., 2001; Tompa, 2002). 
In order to verify the IDP properties of the XvLEAs, we performed several in silico 
analyses. All XvLEAs were predicted to belong to the category of proteins with 
extended disorderedness (Supplementary figure 2a). With the exception of XvSMP4, all 
Xv LEAs protein sequences displayed high disorder tendency (Supplementary figure 
2b). XvSMP4 seems to be the least disordered from the proteins herein investigated, 
because it displayed higher hydropathy and GRAVY (Table 1), as well as higher 
percentage of non-polar residues (Supplementary table 1).  
In silico structural analysis indicated that four proteins (XvLEA1-8, XvLEA4-8, 
XvLEA6-2 and XvDHN12) are predicted as Janus sequences, which are proteins that 
undergo environment-dependent conformational transitions (Supplementary table 2). 
XvSMP4 is predicted to form tadpole and globular structures, in agreement with the 
less disordered nature of this protein. XvLEA4-12 is predicted to form coils, hairpins 
and chimeras, representing a structurally more heterogeneous protein type. It is 
important to highlight that despite in silico analysis that allows the prediction of 
structural propensities in IDPs, these proteins exist as ensembles of conformations in 
natural conditions, which can be a balance between more ordered and disordered 
structures (Das et al., 2015). 
Disorder binding regions (DBRs) are common amongst IDPs, and may contain 
short fragments of about 5 to 25 residues named Molecular Recognition Features 
(MoRFs) that are prone to undergo disorder-to-order transitions in the presence of 
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binding partners (Mohan et al., 2006). We found that the number of DBRs as well as 
the number of MoRFs were variable among the six XvLEAs, and that the position of 
MoRFs not always correlated with those of DBRs (Supplementary table 2, 
Supplementary figure 3). XvDHN12 and XvLEA1-8 presented longer MoRFs within DBRs 
in the C-terminus, and XvLEA6-2 presented two longer MoRFs within DBRs located in 
the N- and C-terminus. Interestingly, the three proteins presenting larger number of 
smaller DBRs (XvLEA4-8, XvLEA4-12 and XvSMP4), also presented no or smaller MoRFs 
within DBRs (Supplementary figure 3). These observations indicate that there is high 
variability regarding the number, size and locations of DBRs and MoRFs between the 
different XvLEA proteins, and suggest that XvDHN12, XvLEA1-8 and XvLEA6-2 may 
undergo higher conformational changes in the presence of binding partners. 
The binding affinity of MoRFs is believed to be modulated by phosphorylation 
of MoRF residues (Mohan et al., 2006). In this sense, we investigated the percentage 
and location of phosphorylation residues (Ser, Thr and Tyr) of the six XvLEAs 
(Supplementary figure 3, Supplementary table 2). The percentage of phosphorylation 
sites was variable between the six LEAs, and XvLEA4-12 shows a strikingly higher 
percentage of phosphorylation sites (20.7%) followed by XvLEA4-8 (13.2%). 
Interestingly, in most of the proteins analysed, the predicted phosphorylation sites 
were in general located outside the MoRF regions (Supplementary figure 3). This 
suggests that phosphorylation may not be the major modulator of binding affinity in 
XvLEAs via MoRF recognition.  
 
XvLEAs are heat stable and intrinsically disordered in aqueous solution 
We produced and purified His-tagged recombinant XvLEAs in order to investigate their 
structure in solution. Similar to other LEA proteins (Hundertmark et al., 2011; Kovacs et 
al., 2008) all the XvLEAs showed higher molecular masses in the SDS-gel than the 
predicted mass (Table 1, Supplementary figure 4). This low mobility in gel might be due 
to the 6xHis-tag or due to the hydrophilic character of IDPs (Kovacs et al., 2008; Tompa, 
2002). All XvLEAs used in our analysis were confirmed to be heat-stable, a common 
characteristic of LEA proteins which are known to be part of the heat stable proteome 
associated with desiccation tolerance in seeds (Boudet et al., 2006; Chatelain et al., 
2012; Kovacs et al., 2008). 
We investigated the disordered nature and folding behaviour of the six XvLEAs 
in aqueous solution by circular dichroism (CD) spectroscopy. We used BSA as a positive 
control protein with predominantly α-helical conformation (Reed et al., 1975). In 
general, the spectra of the six analysed XvLEAs were characterized by a negative 
minimum between 198nm and 201nm in water (Supplementary figure 5a-f), which is 
characteristic of natively unfolded proteins (Lopes et al., 2014; Uversky, 2009). On the 
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other hand, BSA spectra were characterised by a positive maximum at ~190nm and 
negative minimum at 208nm and 220nm (Reed et al., 1975) (Supplementary figure 5g). 
A residual alpha-helix content was commonly observed in all XvLEAs in aqueous 
solution, and the presence of turns or strands was variable between the six proteins 
(Supplementary figure 5h). Taken together, these results confirm that the six 
investigated XvLEAs are proteins with intrinsically disordered regions (IDRs). 
To test the effect of changes in the pH and composition of the solvent we 
analysed the spectra of the six XvLEAs in aqueous solutions adjusted with HCl to pH 
4.0 or pH 2.3 , and in the presence of 20mM NaCl. The decrease in the pH or addition 
of 20mM of NaCl did not significantly affect the spectra of BSA when compared to 
aqueous solution, and had little effect on the secondary structure content 
(Supplementary figure 5a-h). The most noticeable secondary structure variations in 
these conditions were observed for XvLEA1-8, with an increase in helix content at pH 
2.3, and for XvLEA4-8, with an increased strand formation in NaCl solution 
(Supplementary figure 5h). On the other hand, a remarkable effect of high 
concentration of the organic solvent acetonitrile (ACN) on the secondary structure of 
XvLEAs was observed. ACN is an organic water miscible solvent that can increase 
protein chemical potential leading to conformational changes, acting as a denaturant, 
as well as an alpha-helix-promoting agent (Gekko et al., 1998). With the exception of 
XvLEA4-12, a decrease of the negative minima (between 197-200nm) converting it to 
a positive signal and an increased negative signal between 210 and 240nm was 
commonly observed in the spectra of all XvLEAs in 80% ACN solution (Figure 1 a-f). 
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Figure 1 - Normalized CD spectra of Xerophyta viscosa LEA proteins and BSA. The CD 
spectra were obtained in water and 80% acetonitrile (ACN). All the spectra were analysed at 
room temperature (a-g). The graphs show the spectra obtained after subtracting the reads of 
a blank sample containing water only. h - Secondary structure content of XvLEAs. Predictions 
of the content of helix, strand, turns and unordered regions were performed with Dichroweb. 
 
The protein XvLEA4-12 showed atypical behaviour in 80% ACN, with increased 
negative signal around 195nm and 200nm, and a positive signal near 230nm. The 
spectrum of this protein between 195nm and 220nm resembles that of a denatured 
protein (Greenfield, 2006; Venyaminov et al., 1993). Different from what was observed 
for XvLEAs, BSA showed a decrease in helix content and appearance of disordered, 
turns and strand conformations in 80% ACN (Figure 1g-h). Interestingly, XvLEA1-8 
underwent a conformational change from about 92% disordered in aqueous solution 
up to 100% alpha-helix in 80% ACN (Figure 1h). In summary, our results suggest that 
XvDHN12, XvLEA1-8, XvLEA4-8, XvLEA6-2 and XvSMP4 have conformational-inducible 
ability, and underscore the plasticity of XvLEA1-8 to acquire high degrees of secondary 
structure in a highly hydrophobic environment. 
 
XvLEAs stabilize enzyme activity upon stress in a protein-specific manner 
We investigated the in vitro protective functions of the different XvLEAs on the activity 
of the enzyme lactate dehydrogenase (LDH) during desiccation, heat and oxidative 
stress (Figure 2). 
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Figure 2 - Protective function of XvLEAs on LDH activity under stressful conditions. LDH 
was submitted alone (negative control) or in the presence of the six purified XvLEAs or BSA 
(positive control) at a molar ratio of 1:1 and dehydrated for 1 hour in a speed-vac, incubated 
at 40°C for 20 min, or incubated with 200µM H2O2 for 1 hour at room temperature. BSA was 
used as a positive control globular protein with anti-aggregant properties (Amara et al,. 2012; 
Finn et al., 2012). The experiments were repeated three times with three technical replicates in 
each experiment. Statistically significant differences as compared to control were analysed 
using Student’s t-test (*p<0.05 or **p<0.01). The bars represent SD from nine replicates (n = 
9). 
 
Under desiccation we observed a reduction of LDH activity to about 15%. With 
the exception of XvLEA4-12, all XvLEAs showed protective functionality against 
desiccation on the activity of LDH, with a protection of enzymatic activity up to 63% 
with XvLEA1-8. We found that heat stress reduced LDH activity to about 27% in the 
absence of XvLEAs, and XvLEA4-12 was unable to protect LDH activity. However, all 
other XvLEA proteins were able to protect LDH activity against heat, and again XvLEA1-
8 showed the highest protective ability. The heat-protection activity of isolated LEA 
proteins has already been demonstrated in in vitro assays before (Goyal et al., 2005c; 
Halder et al., 2017; Kovacs et al., 2008) indicating that thermal anti-aggregation is a 
common feature of several LEA proteins.  
The oxidative treatment imposed by H2O2 was less stressful as compared to 
desiccation and heat treatments. LDH activity dropped to 56% when treated with H2O2, 
and with the exception of XvLEA4-12 all proteins tested were able to protect enzyme 
activity. Taken together these results suggest that XvDHN2, XvLEA1-8, XvLEA4-8, 
XvLEA6-2 and XvSMP4 have chaperone-like activities on LDH activity upon desiccation, 
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heat and oxidative stress, and that XvLEA4-12 is ineffective in the conditions herein 
tested. 
 
In vivo expression of XvLEAs enhances E. coli viability under salt, osmotic and 
heat stress 
To investigate effects of XvLEA expression on E. coli survival, we analysed the colony 
growth in plates with high concentrations of NaCl and mannitol, or when subjected to 
a heat shock (Figure 3a). 
 
 
Figure 3 – In vivo protective role of XvLEAs. a – For salt and osmotic stresses E. coli was 
spotted on LB media supplemented with NaCl or Mannitol (350mM), respectively. For heat 
stress cultures were heated at 50°C for 30 minutes, cooled down for 10 min and spotted on LB 
media. b - Relative growth of E. coli in liquid media with 250mM NaCl. Relative growth was 
calculated as (ODtreatment/ODcontrol)*100. The experiment was repeated twice with three replicates 
per construct. Statistically significant differences were analysed using Student’s t-test, and the 
bars indicates SD (* p<0.05 or ** p<0.01). 
 
Under control condition the strain expressing XvLEA6-2 displayed less growth 
than the empty vector-carrying strain, while the strain expressing XvLEA1-8 displayed 
significant better growth than all other strains. Interestingly, the XvLEA1-8 strain also 
displayed better growth in all stressful conditions, suggesting that this protein has a 
higher protective function in E. coli when compared to the other XvLEAs. The strain 
with XvLEA6-2 and XvDHN12 presented a slower colony growth in all tested stresses, 
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and after heat treatment the strain expressing XvSMP4 also presented slower growth 
compared to the empty-vector. These results suggest that not all XvLEAs have a 
protective function during E. coli growth under the tested conditions. 
When analysing relative growth of the strains in liquid media with a lower 
concentration of NaCl, we observed that after 6 hours, all strains expressing XvLEAs 
displayed better growth than the empty vector (Figure 3b). Once more, the bacterial 
cells expressing XvLEA1-8 showed a remarkable better growth recovery at the end of 
the experiment, indicating that this protein may perform a better protective function 
of E. coli upon salt stress. Interestingly, in the first 4 hours of stress a few strains 
displayed slower growth when compared to the empty vector. This observation might 
be due to leakiness of the expression vector, because the activation of the T7 promoter 
during bacterial growth prior induction will lead to production of recombinant protein 
which may limit bacterial growth (Briand et al., 2016; Grossman et al., 1998; Zhang et 
al., 2015). We hypothesize that the production of some XvLEAs during bacterial growth 
prior to the stress treatments might have detrimental effects on growth, likely due to 
unspecific binding to other molecules, however, this hypothesis needs further 
experimentation in order to be confirmed. Taken together, our results point towards a 
potential role of XvLEA1-8 in osmoprotection in vivo. 
 
Multiple localization of XvLEAs in plant cells 
LEA proteins can be localized in various cell compartments, including the nucleus, 
cytosol, plasma membrane, mitochondria, plastids, endoplasmic reticulum (ER) and 
vacuole (Candat et al., 2014; Hundertmark and Hincha, 2008). Prediction of subcellular 
localization indicates that XvDHN12, XvLEA1-8, XvLEA6-2 and XvSMP4 localize mainly 
in the nucleus and cytoplasm (Supplementary table 3). The nuclear and cytoplasmic 
localization of proteins from families DHN, LEA_1, LEA_6 and SMP have been shown in 
vivo for A. thaliana (Candat et al., 2014), indicating that in silico analysis may have 
strong correlation with in vivo analysis for these LEA families. XvLEA4-8 was predicted 
to be localized in the cytoplasm, nucleus, cell wall and plastids, and XvLEA4-12 in the 
nucleus, cytoplasm and cell wall, corroborating the experimental data of 
multilocalization of A. thaliana LEA_4 proteins (Candat et al., 2014). Despite limitations 
of in silico predictions, these tools seem to be useful to design experiments for studying 
in vivo subcellular localization of LEA proteins.  
In order to verify the in vivo subcellular localization of XvLEAs and to compare 
in vivo and in silico analysis, we expressed GFP fusions of XvLEA proteins in tobacco 
leaf epidermal cells under control of a 35S promotor (Supplementary figure 6). The 
GFP-XvLEA proteins were localized throughout the cell compartments, especially in the 
cytoplasm, nucleus and membranes. GFP-XvLEA1-8, GFP-XvLEA4-8 and GFP-XvLEA6-2 
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accumulated mainly in the cytoplasm, membranes and nucleus, in the same way as the 
GFP empty vector. GFP-XvLEA4-12 showed a signal around the cells and in aggregate-
like structures inside the cells which suggest that this protein may be secreted. GFP-
XvSMP4 and GFP-XvDHN12 accumulated mainly in the membranes, and GFP-
XvDHN12 also in the nucleus. In summary, our results indicate that the six X. viscosa 
LEA proteins involved in DT in leaves are heterogeneously localized throughout various 
subcellular compartments. Further analyses combining C-terminal fusions and 
organellar specific markers are necessary in order to draw stronger conclusions on the 
specific localization of each of these proteins and hypothesize about their cellular role. 
 
Heterologous expression of XvLEA1-8 enhances A. thaliana stress tolerance 
A. thaliana ecotype Columbia-0 plants were transformed with a 35S::XvLEA1-8 
constructs, which led to a constitutive expression of the XvLEA1-8 gene, including in 
the dry seed (Supplementary figure 7). The phenotypic analysis of seeds expressing the 
35S::XvLEA1-8 indicated that the germination percentages of WT and five independent 
lines did not differ significantly (Supplementary figure 8). During germination under 
salt, osmotic and heat shock stress a mild protective response was observed in two 
independent lines, indicating that XvLEA1-8 may not play a significant role in seed 
germination under the conditions tested here. We also investigated the growth ability 
of seedlings of 35S::XvLEA1-8 in media containing salt and mannitol (Figure 4). 
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Figure 4 – Phenotypic analysis of A. thaliana seedlings expressing 35S::XvLEA1-8. 
Seedlings grown in plates under control conditions (a), 100mM NaCl (b), and 200mM mannitol 
(c) are shown at the left. Data of one representative experiment is shown. Bars showing average 
root length ±SD (n=3) are shown at the right. Statistically significant differences between the 
transgenic lines and the wild type (WT) were tested using Student’s t-test (* p<0.05 or ** 
p<0.01). Scale bars = 0.5cm 
 
 
Under salt stress the independent lines XvLEA1-8.4 and XvLEA1-8.8 displayed a 
better growth as indicated by the length of the primary root. Under osmotic stress 
imposed by mannitol three independent lines (4, 6 and 7) displayed significantly higher 
growth of the primary root when compared to the wild-type. The phenotypic analysis 
of transgenic A. thaliana adult plants under drought stress showed that three 
independent lines (3, 7 and 8) displayed significantly higher relative water content at 
12 days after withholding water (Supplementary figure 9a), however, at this time point, 
no significant difference was observed in the dry weight of the transgenic lines when 
compared to the wild-type (Supplementary figure 9b). These results suggest that the 
transgenic lines expressing XvLEA1-8 display a better control of water loss during 
drying, which may enhance their survival (Supplementary figure 9c). Together, these 
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findings confirm that XvLEA1-8 is potentially involved in enhancing osmotic stress 
tolerance in plants. 
 
Discussion 
 
Since their discovery as accumulating during the later stages of seed embryogenesis, 
increasing evidence suggests a protective function of LEA proteins against desiccation 
and other stresses, leading to great interest in the structural dynamics of these proteins 
in the subcellular environment. As in seeds, LEA proteins have been shown to be an 
essential footprint of vegetative desiccation tolerance in resurrection plants. Xerophyta 
viscosa is a monocot resurrection species of which the genome has recently become 
available, enabling genomic comparative analysis with other monocots and 
resurrection species, as well as the understanding of the evolution and functional 
diversification of LEA proteins and their role in these organisms (Costa et al., 2017b). 
LEA gene expression is upregulated in leaves of X. viscosa between 60% to 40% RWC 
(1.5-1.0gW/gDW) (Supplementary figure 1), concomitant with the activation of the 
molecular signature of DT in seeds and resurrection plants (Costa et al., 2017a; Illing et 
al., 2005; Leprince and Buitink, 2010). 
In silico analysis of six X. viscosa LEA proteins upregulated during desiccation 
indicated that these are typical intrinsically disordered proteins (or IDPs), as they have 
intrinsically disordered regions (IDRs) in water, and properties such as a high 
percentage of polar residues, low GRAVY scores, and extended disordered regions (this 
study (Battaglia et al., 2008; Dunker et al., 2001; Tompa, 2002). Predictions of 
biochemical properties may give insight into the lack of structure of a protein; however, 
it is important to highlight that isolated parameters such as length of polypeptide, net 
charge, or pI cannot be used as a signature of unfolded or disordered structure 
(Uversky et al., 2000), revealing the necessity for more extensive in silico analysis to 
better predict the structural nature of such proteins. Using a specific predictor for 
Classification of Intrinsically Disordered Ensemble Regions (CIDER) (Holehouse et al., 
2017), we found that XvLEAs belong to different IDP categories such as environmentally 
determined disordered, globular, coiled, and chimeras of globular and coiled proteins. 
Two XvLEAs (XvSMP4 and XvLEA4-12) were predicted as containing structured regions, 
which is also a common feature of some IDPs able to form globules or chimeras of 
globules and coils, and are able to undergo folding upon binding (Das et al., 2015; 
Dyson and Wright, 2002; Dyson and Wright, 2005). In fact, IDPs are able to interact with 
other molecules via Molecular Recognition Features (MoRFs) that undergo disorder-
to-order transitions in the presence of binding partners (Mohan et al., 2006). We found 
C
ha
pt
er
 4
 
 
Page | 84 
 
Structural and functional characterization of LEA proteins from Xerophyta viscosa 
that MoRFs are present in low number within XvLEA sequences and, in general, they 
localize within predicted disordered binding regions (DBRs) of the XvLEAs. MoRFs are 
thought to play important functions in protein-protein interactions related to signalling 
(Disfani et al., 2012; Mohan et al., 2006; Oldfield et al., 2005). In this way, the 
investigation of mutations of specific amino acids contributing to MoRFs will provide 
further insights into the specific role of these regions as well as interactions of LEAs 
with client proteins.   
Reversible phosphorylation of IDPs is one of the major post-translational 
modifications (PTMs) responsible for functional regulation of binding affinity of MoRFs 
(Iakoucheva et al., 2004; Mohan et al., 2006) and has already been shown to affect the 
function of LEA proteins in plants (Alsheikh et al., 2003; Alsheikh et al., 2005; Brini et al., 
2007; Heyen et al., 2002; Liu et al., 2017b). In silico analysis indicated that all the six 
XvLEAs have phosphorylation sites, with a remarkable high number in XvLEA4-12. In 
general, we found that the phosphorylation residues did not coincide with the 
predicted MoRF contributing residues in XvLEAs, what suggests that phosphorylation 
may not play a strong role in regulating binding affinity of MoRFs in the studied 
proteins. 
In this study we also investigated the in vitro folding dynamics of the six XvLEAs 
using circular dichroism (CD). Conformational changes of IDPs in vitro can be induced 
by changes in their environment such as pH, temperature, and presence of osmolites 
or binding targets (Uversky, 2002; Uversky, 2009). Several studies have shown that LEA 
proteins are mainly disordered in aqueous solution, and are able to acquire secondary 
structures, mainly alpha-helices, upon desiccation and solute perturbations (Cuevas-
Velazquez et al., 2016; Hundertmark et al., 2012; Mouillon et al., 2006; Popova et al., 
2011; Shih et al., 2012; Shih et al., 2010). Our CD spectra corroborate the in silico 
predictions of the disordered (or unstructured) nature of the XvLEAs in aqueous 
solution (Figure 1). XvLEAs also possess residual structured regions which is also 
commonly found in IDPs (Tompa, 2012). Similar characteristics can be found in 
polypeptides containing local order such as helix and beta-sheet like structures, and in 
these proteins secondary structure can be induced by variations in temperature, pH, 
presence of binding targets, osmolites, and variable solvent concentrations (Bremer et 
al., 2017; Cuevas-Velazquez et al., 2016; Rivera-Najera et al., 2014; Shi et al., 2002; 
Soulages et al., 2002; Uversky, 2009). In fact, we observed that XvLEAs are able to 
acquire higher secondary structure in an hydrophobic solution of acetonitrile (ACN). A 
highlight was the protein XvLEA1-8, which became fully alpha-helical in a solution of 
80% ACN. ACN-mediated folding is triggered by significant reduction of hydration 
layers in direct contact with the protein surface, leading to conformational changes 
such as formation of helices and sheets (Gekko et al., 1998; Nelson et al., 1997; Simon 
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et al., 2001). This indicates that under highly hydrophobic conditions XvLEA proteins 
may acquire secondary structure, which may also be a factor regulating their functional 
activity. 
It has already been shown that IDPs are able to preserve enzyme activity and 
avoid protein aggregation upon cellular stress by the ability to vitrify and trap cellular 
macromolecules into an amorphous matrix avoiding aggregation (Boothby et al., 2017; 
Chakrabortee et al., 2007). Several LEA proteins are able to protect enzymes from 
thermal and chemical inactivation and aggregation in vitro (Agarwal et al., 2017; Furuki 
and Sakurai, 2016; Goyal et al., 2005b; Halder et al., 2017; Kovacs et al., 2008; Liu et al., 
2016a; Nakayama et al., 2007). We performed in vitro and in vivo assays in order to 
investigate if the ability to undergo conformational changes and acquire higher 
secondary structure under stress correlates with the protective ability of XvLEAs. With 
the exception of XvLEA4-12, all studied proteins were able to preserve enzymatic 
activity upon desiccation, heat and oxidative stress in vitro (Figure 2), which supports 
the hypothesis that the high conformational changing ability correlates with protective 
abilities against aggregation and denaturation. Furthermore, our results indicates that 
the in vitro protective properties of LEAs are, to some extent, conserved in different 
organisms. In vivo assays using E. coli have successfully demonstrated the protective 
role of LEAs upon stress (Boothby et al., 2017; Drira et al., 2015; Gao and Lan, 2016; Hu 
et al., 2016; Jiang et al., 2017; Ling et al., 2016; Liu et al., 2016a; Rakhra et al., 2017; 
Saucedo et al., 2017; Shi et al., 2016; Wang et al., 2017; Zhang et al., 2014; Zhou et al., 
2017). We found that XvLEAs are able to improve bacterial growth under salt and 
osmotic stress, and the strains expressing XvLEA1-8 presented a faster stress recovery. 
Combined, these results indicate a correlation between in vitro and in vivo protective 
functions, and point towards a potential application of the properties of XvLEA1-8 for 
engineering stability in vitro and in vivo. 
Subcellular localization analyses enable to infer the actual function of the 
proteins in plants. A. thaliana members of DHN, LEA_1, LEA_6, and SMP were shown to 
localize majorly in the nucleus and cytoplasm, while LEA_4 members are multilocalized 
across chloroplasts, mitochondria, ER and pexophagosomes (Candat et al., 2014). In 
silico analysis of the six XvLEAs investigated in this study confirms the expected nucleo-
cytoplasmic localization of XvDHN12, XvLEA1-8, XvLEA6-2 and XvSMP4, while XvLEA4-
8 and XvLEA4-12 were also predicted to localize to the plastids and cell wall. In some 
cases, in silico and in vivo analysis may result in different outputs, as the example of 
AdLEA protein from wild peanut, of which in silico analysis indicated localization mainly 
in the cytoplasm, while the GFP-fused protein was localized in the nucleus and 
cytoplasm (Sharma et al., 2016). In our in vivo analysis using GFP-fusions similar results 
as the in silico predictions were observed for most XvLEAs, suggesting that in silico 
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predictions can be useful for preliminary characterization of subcellular localization. In 
order to investigate the transferability of the protective properties shown by in vitro 
and in vivo assays into enhancing plant stress tolerance, we developed transgenic A. 
thaliana plants constitutively expression the XvLEA1-8 gene. The expression of XvLEA1-
8 did not enhance stress tolerance during seed germination, but was able to enhance 
primary root growth under salt and osmotic stress in seedlings. Transgenic adult plants 
expressing XvLEA1-8 displayed a higher relative water content (RWC) after 12 days of 
drought, indicating that this gene may play a role in plant osmoregulation. 
Our study provides evidence for the structure-function relationship of LEA 
proteins expressed during desiccation in X. viscosa plants. Our data reveals that in silico 
and in vitro analysis can provide useful information about LEA protein functions. We 
hypothesize that XvLEAs have been evolutionarily selected to be able to adopt 
diversified conformations driven by variations in their cellular environment. The 
conformational plasticity and multilocalization of XvLEAs may enable binding to 
essential cellular components (such as enzymes), and to regulate loss of water from the 
cells, resulting in enhanced osmotic stress tolerance in X. viscosa leaf cells. Furthermore, 
we believe that the high conformational plasticity and protective abilities of XvLEA1-8 
make it a potential candidate for engineering biostability in vitro by serving as a model 
for synthetic chaperons, as well as for enhancing drought tolerance in crop species. 
 
Conclusion 
 
We presented the structural and functional characterization of six LEA proteins 
of the resurrection monocot X. viscosa. XvLEAs are IDPs able to acquire different levels 
of secondary structure in hydrophobic solutions, which correlates with their ability to 
preserve LDH activity upon desiccation, heat, and oxidative stress, as well as to enhance 
E. coli cell survival upon salt and osmotic stress. Multilocalization of XvLEAs in N. 
benthamiana leaves suggests that they may offer general cellular protection upon 
stress. The high conformational plasticity and protective functions of XvLEA1-8 indicate 
that this protein is a good candidate for enhancing desiccation tolerance in vitro and 
in vivo. 
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Material and Methods 
 
In silico analysis 
Protein Grand Average Hydropathy was calculated using the GRAVY calculator 
(http://www.gravy-calculator.de/). Molecular mass and isoelectric point (pI) were 
calculated with the Isoelectric Point Calculator (IPC) (Kozlowski, 2016). Protparam 
(http://web.expasy.org/protparam/) was used to analise amino acid composition and 
predict protein stability. The percentage of polar residues was calculated with EMBOSS 
PEPSTATS (https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). Prediction of the 
degree of protein disorder was performed using IUpred (Dosztányi et al., 2005) and 
PONDR (http://www.pondr.com/) with default parameters (VLXT predictor). Sequence-
specific parameters and prediction of structural qualities of the proteins were predicted 
with CIDER (http://pappulab.wustl.edu/CIDER/analysis/) (Holehouse et al., 2017). 
ANCHOR web server (http://anchor.enzim.hu/) was used to predict the number of 
disordered binding regions (DBRs), i.e. regions with propensity to undergo folding 
upon partner-binding with a probability higher than 50%, and MoRFpred 
(http://biomine.cs.vcu.edu/servers/MoRFpred/) was used to predict the number of 
residues of Molecular Recognition Features (MoRFs). DEPP (Disorder Enhanced 
Phosphorylation Predictor), also known as DisPhos, available from 
http://www.pondr.com/ was used to predict phosphorylation sites within the protein 
sequences (Iakoucheva et al., 2004). Subcellular localization was predicted with PSI 
(http://bis.zju.edu.cn/psi/), CELLO2GO (http://cello.life.nctu.edu.tw/) and Plant-mPLoc 
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/). Signal peptide predictions were 
performed with SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/), PrediSi 
(http://www.predisi.de/) and TargetP 1.1 Server 
(http://www.cbs.dtu.dk/services/TargetP/). 
 
Plant materials and growth conditions 
Xerophyta viscosa plants were grown in a greenhouse with 16h at 27°C during the day 
and 8h at 18°C during the night. Dehydration was achieved by withholding water from 
the pots. Young green leaf tissue was harvested from 4 individual plants on a daily 
basis, frozen in liquid nitrogen, and stored at -80°C. Nicotiana benthamiana plants used 
for agro infiltration and Arabidopsis thaliana plants ecotype Columbia-0 used for floral 
dipping and drought treatments were grown on a mix of 50% vermiculite and 50% soil 
watered three times a week with Hyponex solution, in a greenhouse with long-day 
photoperiod cycles (16 h light/8 h dark) at 22°C ± 2°C for three weeks. A. thaliana plants 
used for seed collection were grown on Rockwool blocks (Grodan, the Netherlands) in 
Hyponex solution under greenhouse conditions (16h light/8h dark). 
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RNA extraction, cDNA synthesis and cloning of XvLEAs 
Total RNA was extracted from leaves of adult X. viscosa plants nine days after 
dehydration using the hot borate protocol (Wan and Wilkins, 1994). cDNA was 
synthesized using the iScript™ cDNA Synthesis Kit (Bio‐Rad, Laboratories B.V., The 
Netherlands) according to the manufacturer's protocol. Primers were designed to 
include flanking restriction sites, which were in turn flanked with Gateway AttB1 and 
AttB2 sites (Supplementary table 4). PCR was performed on X. viscosa cDNA with Q5 
high-fidelity DNA polymerase (New England Biolabs) and purified from gel using 
Nucleospin Gel and PCR clean-up (Machery-Nagel). The purified amplicons were 
cloned into the entry vector pDONr201 using BP Clonase II according to the 
manufacturer’s instructions (Thermo Fisher Scientific) to create pENTr201-LEA and 
sequenced to confirm the gene sequence.  
 
Construction of plant expression vectors 
For N. benthamiana transient gene expression, subcloning from pENTr201-LEA into 
pGWB606 (Nakamura et al., 2010) was performed with a Gateway LR reaction in order 
to produce recombinant p35S::GFP-XvLEAs. Correct reading frame was confirmed with 
sequencing. For A. thaliana heterologous expression, subcloning of the XvLEAs CDS 
from pENTr201-LEA into the expression vector pB7WG2RS was also performed with a 
Gateway LR reaction. The expression vector pB7WG2RS was made by cloning the 
RedSeed selection marker (pNAP::DsRed) from pKGW-RedSeed between the left T-
DNA border and the Bar resistance gene of pB7WG2 (Karimi et al., 2002) using XbaI 
and KpnI. Insertion of the RedSeed marker was confirmed by sequencing.  
 
Construction of bacterial expression vectors 
For protein expression and purification, XvLEAs CDS were cloned from pENTr201-LEA 
into bacterial expression vector pDEST17 with a Gateway LR reaction in order to 
produce recombinant N-terminal His-tagged proteins (pEXPR17-LEA). The correct 
reading frame was checked by sequencing. For E. coli stress assays, the XvLEAs were 
subcloned from pENTr201-LEA to the bacterial expression vector pCDF-Duet 
(Novagen), which contains two multiple cloning sites (MCSs), using traditional cloning. 
XvLEA6-2 and XvDHN12 were subcloned to MCS1 using NcoI and EcoRI, while XvSMP4, 
XvLEA4-8, XvLEA4-12 and XvLEA1-8 were subcloned to MSC2 using NdeI and AvrII 
(New England Biolabds; supplementary table 1). In all cases, both pENTr201-LEA and 
pCDF-Duet were digested with the corresponding enzymes. The fragment containing 
the XvLEA CDS from the digested pENTr201-LEA was purified by gel extraction 
(Machery-Nagel). The digested pCDF-Duet vector was subjected to dephosphorylation 
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(shrimp alkaline phosphatase (rSAP) from New England Biolabs) and purified with a 
silica column (Machery-Nagel). The XvLEA fragment was ligated into pCDF-Duet using 
T4 DNA Ligase (Promega) to create pCDF-LEA. Correct orientation was confirmed by 
PCR. 
 
Expression and purification of the recombinant XvLEAs 
BL21 (DE3) pLysS (Novagen) E. coli expression strain carrying the different pDEST17-
LEA vectors were grown overnight in 5mL sterile LB medium at 37°C (200rpm). The 
cultures were inoculated in 1L of sterile LB medium in a 5L Erlenmeyer flask and 
incubated at 37 °C with shaking (200 rpm). When an optical density at 600 nm (OD600) 
of 0.6 was reached (± 3 hrs), isopropyl β-D-thiogalactopyranoside (IPTG) was added to 
a final concentration of 1mM and incubation continued for 2 hours at 37°C (100rpm) 
to induce protein expression. The cells were then harvested by centrifugation at 4°C, 
10,000g for 10 minutes and the cell pellets were frozen overnight at -20°C. The cell 
pellets were then thawed an resuspended in 15mL Lysis-Equilibration-Wash Buffer 
(LEW; Machery-Nagel) containing 50mM NaH2PO4 and 300mM NaCl with a pH of 8.0 
using NaOH. One mg/ml of lysozyme (Sigma-Aldrich) was added and followed by 
incubation on ice for 30 minutes. The cells were lysed by sonication and the lysate was 
centrifuged for 30 minutes at 4°C, 10,000g. For purification of the His-tagged 
recombinant LEA proteins from the crude lysate, the Protino® Nickel TED (Ni-TED) 
Histidine Tag Affinity Purification Kit (Macherey-Nagel, Germany) was used with 
standard protocol. The purified His-tagged Xv-LEAs were subjected to concentration 
and buffer exchange into dH2O using the Amicon Ultra Centrifugal Filters (3K for 
XvLEA4-8, XvLEA1-8, XvLEA6-2 and XvDHN12, and 30K for XvSMP4 and XvLEA4-12, 
MWCO, Merck Millipore). Centrifugation was performed at 8,000g for 1 hour or 
14,000g for 15 minutes for the 3K and 30K filters respectively, at 4°C to concentrate the 
proteins, followed by three washing steps with 12mL of dH2O (the same centrifugation 
parameters where used). Total protein was quantified using the Bradford BioRad 
Microassay (BioRad USA) according to manufacturer’s instructions with Bovine Serum 
Albumin (BSA; Sigma Aldrich, USA) as a standard. As an additional purification step, 
making use of the heat stability of most LEA proteins (Boudet et al., 2006), 10-15µg of 
the recombinant proteins were submitted to a 97°C treatment for 10 minutes, 
centrifuged, and the supernatant was analysed on a 12% SDS-Page at 90V for 2 hours 
with a Colour Prestained Protein Standard Ladder (New England Biolabs, USA). After 
electrophoresis, gels were stained with a Coomassie Blue solution (2.5g/L Coomassie 
Blue (Sigma-Aldrich), 50% v/v methanol, 10% v/v acetic acid) for 1 hr at room 
temperature and destained overnight in a solution of 45% v/v methanol and 10% v/v 
acetic acid prior to visualization. 
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In-solution circular dichroism analysis for secondary structure 
Circular dichroism (CD) spectra of the six recombinant His-tagged LEAs were obtained 
using a JASCO J-810 Spectropolarimeter (JASCO Analytical Instruments, Japan) in 1mm 
path-length quartz cuvettes. Spectral data were recorded from 240nm to 190nm, with 
10 accumulations per run using a 0.2nm data pitch, 100nm/min scanning speed, 1 
second response time and 1nm of band width. To simulate changes in secondary 
structure we used 80% acetonitrile (ACN), 20mM NaCl, and MiliQ water adjusted with 
HCl to pH 2.3 or pH 4.0 as protein solvents. BSA (Sigma-Aldrich, USA) was used as a 
control for the spectra of an alpha-helical structure, at a concentration of 0.075mg/ml. 
Measurements of millidegrees obtained from the results were subsequently converted 
into mean residue (θ) and plotted against the wavelength range (nm). CD data were 
fitted using Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) (Contin, 
dataset 7) (Whitmore et al., 2004) to estimate the secondary structure content.  
 
In vitro lactate dehydrogenase assays 
Lactate dehydrogenase (LDH) assays were adapted from Reyes et al. (2008). In short, 
LDH from rabbit muscle (Sigma-Aldrich) was diluted to a final concentration of 200nM 
in 25mM Tris pH 7.5. The purified XvLEAs or BSA were also diluted to a final 
concentration of 200nM in Tris-HCl 25mM. The mixture of LDH and XvLEA at a molar 
ratio of 1:1 was submitted to desiccation, heat or oxidative stress. After each treatment 
the enzyme and protein mixture was added to a reaction buffer containing 25mM Tris-
HCl pH 7.5, 2mM of pyruvate (Sigma-Aldrich) and 0.15mM NADH (Roche) to a final 
volume of 1mL in 2mL plastic cuvettes and the initial absorbance was measured at 
340nm. The rate of the decrease in absorbance due to the conversion of NADH to 
NAD+ was determined every 5 seconds for 1.5 minutes at 25°C. For the desiccation-
induced aggregation assay, LDH in the presence of each of the purified XvLEAs or BSA 
were submitted to dehydration in a centrifugal evaporator (SavantTM SpeedVacTM Plus 
SC210A) for 1 hour at room temperature. After dehydration, the initial volume was 
restored by adding 25mM Tris-HCl pH 7.5 and enzyme activity was measured as 
mentioned above. For the thermal inactivation assays, the samples containing each of 
the six purified XvLEAs or BSA together with LDH were heated at 42°C for 20 minutes, 
and cooled down at room temperature for 10 minutes. Oxidative stress was imposed 
by incubating the LDH enzyme and XvLEAs or BSA mixtures in 200mM of H2O2 (Sigma-
Aldrich) at room temperature for 1 hour. Each assay was repeated three times with 
three technical replicates each and statistically significant differences were analysed 
using Student’s t-test. 
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Abiotic stress tolerance assays of E. coli transformants 
E. coli strain BL21(DE3)RIL (Agilent) was transformed with the pCDF-Duet-LEA vectors. 
LEA expression was induced with 1mM IPTG for 2 hours. Cells were diluted to OD600=1.0 
and a serial dilution of 5µL was spotted onto LB media containing 250mM or 350mM 
of NaCl or mannitol. To assess in vivo heat protective function 1mL of LB containing 
IPTG-induced E. coli cells (OD600=1.0) was incubated in a water bath at 50°C for 30 
minutes, cooled for 10 minutes at room temperature and then spotted onto LB control 
plates supplemented with 1.5% Daishin agar (Duchefa). Serial dilutions at 10, 50, 100, 
500 and 1000 times were used for salt and osmotic stresses, and 0, 10, 100 and 1000 
times for heat stress assays. The plates were incubated at 37°C for 16 hours. For liquid 
media growth assay 1mL of cells at OD600=1.0 was diluted 10 times with LB liquid media 
supplemented with 250mM NaCl. The cells were kept at 37°C and 100 µl aliquots were 
taken every hour for measuring the OD600. Due to the possibility of leaky vector 
activation, resulting in expression of proteins before induction with IPTG (Briand et al., 
2016; Grossman et al., 1998; Zhang et al., 2015), we analysed and compared the relative 
growth percentage of the XvLEA strains with the empty vector-carrying strain. The 
difference in OD600 at time point x (tx) between treated and non-treated (control) 
cultures where used to calculate the relative growth, expressed as 
[ODtreatment(tx)/ODControl(tx)]x100. Each experiment was repeated twice and statistical 
differences were determined by using the Student’s t-test. 
 
In vivo localization of XvLEAs in N. benthamiana leaves 
Agrobacterium tumefaciens strain AGL0 carrying constructs of pGWB606 p35S::GFP-
LEAs were grown in LB medium containing antibiotics and harvested by centrifugation 
at 4,000g for 5 minutes at room temperature. The bacteria culture was resuspended in 
infiltration buffer (10mM MgCl2, 10mM MES pH 5.6 and 200μM acetosyringone) and 
adjusted to OD600=0.6. The bacterial suspension was incubated at room temperature 
on a rocking platform for 1 hour. Leaves of three to four week-old N. benthamiana 
plants were infiltrated with A. tumefaciens using a needleless syringe and a minimum 
of three independent agro infiltrations was performed (n ≥ 3). Three days after 
infiltration, two leaves from three independently transformed plants were analysed for 
GFP fluorescence under a Leica TCS SP8 HyD confocal microscope (Leica) with an 
excitation wavelength of 488nm and the spectral detection was set between 500–
557nm for GFP, and 642–747 nm for chlorophyll fluorescence. The objective used was 
40x in water immersion. 
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A. thaliana transformation and RT-qPCR gene expression confirmation 
The pB7WG2RS p35S::LEA1-8 construct was introduced into A. tumefaciens strain AGL0 
and transformed into A. thaliana Colombia-0 (Col-0) using the floral dip method 
(Clough and Bent, 1998). Using the RedSeed marker transgenic T1 plants were selected 
and single T-DNA inserts were identified in the T2. RNA of T3 dry seeds was extracted 
and 700ng of RNA was reverse transcribed as described above. RT‐qPCR reactions were 
run on a CFX machine (Bio‐Rad). Three technical replicates were used per sample. The 
reference genes used for data normalization were At4g12590 and At4g34270 (Dekkers 
et al., 2012). The primers used for RT-qPCR and the expression results are presented in 
Supplementary table 5. After confirmation of the expression of XvLEA genes in T3 
seeds, plants were grown in a complete randomized design containing three biological 
replicates of at least four plants. Seeds were harvested and used for further 
experiments. 
 
Seed, seedling and plant stress phenotyping 
Germination was performed 10 days after harvest. For control conditions, seeds were 
sown in square trays on two layers of filter papers saturated with dH2O, in accordance 
with Joosen et al. (2010). For salt and osmotic stress the filter papers were saturated 
with -0.3MPa NaCl or -0.6MPa mannitol respectively. After sowing, the seeds were 
stratified at 4°C in darkness for 48 hours and after it the trays were moved to 22°C 
continuous light. To access tolerance to deterioration conditions dry seeds were 
incubated at 40°C at approximately 85% relative humidity for three days, and then 
transferred to germination conditions at 22°C and continuous light. Germination 
percentages were scored during five days using the Germinator program (Joosen et al., 
2010). For seedling stress assays, seeds were stratified at 4°C in darkness for 72 h on 
square 14cm Petri dishes on ½ Murashige-Skoog (MS) medium supplemented with 
0.5% sucrose, 0.1% MES monohydrate and 1% Daishin agar, pH 5.8 (KOH). After 4 days, 
seedlings were transferred to the same medium supplemented with 100mM NaCl or 
200mM Mannitol. Each plate contained four seedlings of three genotypes, and three 
biological replicates per genotype were used following a complete randomized design. 
The plates were vertically placed at 21°C, under continuous light. After 10 days the 
primary root length was scored. Drought stress was assessed by withholding water 
from 3 weeks-old A. thaliana plants grown on soil in the greenhouse. After 12 days 
relative water content (RWC) from the leaves was measured, and plants were rewatered. 
Final survival was analysed 7 days after rewatering. Three biological replicates with 
three plants were used per time point. Leaves and soil fresh weight (FW) were measured 
immediately after harvest, and the dry weight (DW) were measured after 48 hours at 
60°C. RWC (%) from the plants and soil were measured as (FW–DW)/FW×100. 
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Supplementary Figures 
 
 
Supplementary figure 1 – Expression patterns of X. viscosa LEAs. The log2fold change was 
calculated relative to the expression in the previous time-point. Data from Costa et al. (2017). 
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Supplementary figure 2 – In silico predictions of intrinsic disorderedness of six XvLEAs. 
a – Charge-hydropathy (C-H) plot including LEAs from X. viscosa (green diamonds) that are 
plotted together with known globular proteins (blue squares) and known intrinsically 
disordered proteins (red circles). The prediction was performed with PONDR 
(http://www.pondr.com/). b – Disorder tendency of the six XvLEAs predicted with IUPRED 
(Dosztanyi et al., 2005). Residues above 0.5 are predicted to be disordered, while those below 
0.5 are considered ordered. 
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Supplementary figure 3 – In silico prediction of intrinsic disorder properties of six 
XvLEAs. The plots show the ANCHOR probability of disorder binding regions (line), the 
positions of Molecular Recognition Feature (MoRF) residues (yellow blocks) and the disordered 
binding regions (DBRs) with a probability above 0.5 of the ANCHOR probability (blue 
highlighted line). Positions containing more than 5 MoRF residues within DBRs are indicated 
by a red line and phosphorylation prediction of residues (Y,S,T) is shown by orange dots. 
 
 
Supplementary figure 4 – Coomassie stained 12% SDS-PAGE gel showing purified 
recombinant XvLEA proteins. (-) Indicates 10µg of purified recombinant proteins loaded on 
gel without heating and (+) indicates 15µg of purified recombinant proteins loaded on gel 
after an extra heating step at 97°C for 10 minutes. 
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Supplementary figure 5 - Circular dichroism analysis of XvLEAs. CD spectra of X. viscosa 
LEA proteins and BSA (a-g). The CD spectra was obtained in water, water adjusted with 1M HCl 
to pH 2.3 and pH 4.0, and in 20mM NaCl. All the spectra were analysed at room temperature. 
The solutions were prepared about 1 hour before acquisition of the spectra. The graphs show 
the spectra obtained after subtracting the reads of a blank sample (water only). h – Secondary 
structure content. Predictions of the content of helix, strand, turns and unordered regions for 
the different proteins were performed with Dichroweb. 
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Supplementary figure 6 – Subcellular localization of the GFP fusion proteins in transgenic 
N. benthamiana plants. The subcellular distribution of the GFP fusions and control GFP in the 
epidermal leave cells of transgenic tobacco leaves were visualized using laser confocal scanning 
microscopy. Red indicates the auto fluorescence of chlorophyll and GFP fluorescence is 
presented in green. Pink arrows in GFP-XvDHN12 indicate the nucleus. The white arrows in the 
circle snapshot of GFP-XvLEA4-12 show vesicle-like structures. Scale bars = 25µM. 
 
 
Supplementary figure 7 – Expression of 35S:XvLEA1-8 in A. thaliana. RT-qPCR analysis was 
performed in cDNA produced from RNA extracted from A. thaliana dry seeds in order to 
confirm the expression of 35S::XvLEA1-8. Data was analysed according to the ΔΔCT method. 
Bars indicate means ± SD (n = 3). 
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Supplementary figure 8 – Germination of transgenic 35S:XvLEA1-8 A. thaliana seeds 
under stress. a – Seeds were stratified at 4°C for 48 hours and germinated for 5 days at 22°C 
and continuous light. b – Stratification and germination in the presence -0.3MPa of NaCl. c - 
Stratification and germination in the presence -0.6MPa of Mannitol. d – Heat stress at 40°C and 
85% relative humidity (RH) prior germination at 22°C and continuous light. Statistically 
significant differences were analysed using Student’s t-test (* p<0.05). 
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Supplementary figure 9 – Phenotypic analysis of A. thaliana adult plants expressing 
35S::XvLEA1-8 under drought. a – Relative water content and b – Dry weight of adult plants 
well-irrigated (day 0), or after withholding water for 9, 12, 13 and 14 days. Student’s t-test 
showed significant differences between transgenic independent lines (3, 4, 6, 7, and 8) and the 
wild-type (WT). Bars indicate means ± SD (* p<0.05). c – Plants rehydrated for 7 days after 12 
days of drought. 
 
Supplementary Tables 
 
The supplementary material of this chapter can be downloaded from 
http://www.wageningenseedlab.nl/thesis/masilvaartur/SI/ 
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Abstract 
Late Embryogenesis Abundant (LEA) proteins are known as protective proteins which 
are involved in the acquisition of desiccation tolerance (DT) at the later stages of 
embryo development. In Arabidopsis thaliana, LEA mRNAs were found in dry mature 
seeds and in germinated seeds treated with polyethylene glycol (PEG), suggesting that 
they may contribute to other seed traits such as dormancy, longevity, and germination 
under stressful conditions. To investigate this hypothesis and the specific role of 
individual LEA genes, we identified and functionally characterized T-DNA lines of A. 
thaliana LEA genes (AtLEAs). We found that the downregulation of gene expression for 
individual LEAs leads to minimal effects on acquisition of DT in seeds of most tested 
lines, and that the effect of single mutations has little effect on seed dormancy and 
germinability. This suggests a tightly interconnected regulatory control and likely high 
functional redundancy between LEA proteins. Interestingly, a knockout mutant of 
At3g17520 (atlea30-1) showed lower DT during seed development, and displayed a 
higher dormancy level in freshly harvested mature seeds compared to Columbia (Col-
0) wild-type seeds. The atlea30-1 mutant seeds also displayed lower longevity and 
increased sensitivity to stress. However, the ability to re-induce DT with PEG in these 
mutant seeds was not affected. These findings suggest that AtLEA30 is downstream of 
the common network of DT, longevity and dormancy, and that this gene may play 
important but not essential roles in post-embryonic processes. 
 
Key words: germination, LEA proteins, longevity, seed maturation. 
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Introduction 
 
One of the key factors for the successful colonization of land by angiosperms was their 
ability to protect their embryos for long periods in a dry and dormant state until the 
environmental conditions become favourable. Orthodox seeds constitute an 
anhydrobiotic propagule in which desiccation tolerance (DT) is acquired during embryo 
development (Dekkers et al., 2015). During orthodox seed development two main 
phases can be distinguished: embryogenesis and maturation (Angelovici et al., 2010; 
Bewley et al., 2012; Vicente-Carbajosa and Carbonero, 2005). 
During early embryogenesis the basic root-shoot body pattern is established, 
and the primary organs – axis and cotyledons – follow distinct developmental fates 
(Goldberg et al., 1994). During late embryogenesis there is extensive activation of gene 
sets such as those of the Late Embryogenesis Abundant proteins (LEAs), which encode 
proteins necessary for posterior desiccation and postembryonic life (Delseny et al., 
2001; Goldberg et al., 1994; Leprince et al., 2017). During the maturation phase, cells 
start to lose water, and processes such as embryo degreening, dormancy induction, 
and accumulation of reserves are initiated (Angelovici et al., 2010; Leprince et al., 2017; 
Ooms et al., 1993a). 
Genetic approaches, both by chemical- as well as insertional mutagenesis, have 
contributed to a fast comprehension of processes affecting embryogenesis and 
maturation (Koornneef et al., 1982; Nambara et al., 1998; Nambara et al., 1994; 
Nambara et al., 1992). The identification of the Arabidopsis aba insensitive (abi) loci 
lead to the identification of a B3 domain transcription factor (ABSCISIC ACID 
INSENSITIVE3; ABI3) which mutation leads to defective chlorophyll degradation, DT, 
dormancy and longevity (Delahaie et al., 2013; Nambara et al., 1994; Nambara et al., 
1992; Ooms et al., 1993a). ABI3, together with the master transcriptional regulators, 
FUSCA3 (FUS3), LEAFY COTYLEDON1 (LEC1) and LEAFY COTYLEDON2 (LEC2), control 
the major processes involved in embryogenesis and maturation in seeds and, likely, 
spores of basal plant species (Bewley et al., 2012; Carbonero et al., 2017; Devic and 
Roscoe, 2016; Han et al., 2017; Santos-Mendoza et al., 2008; Vicente-Carbajosa and 
Carbonero, 2005, and references therein). 
The Arabidopsis ABI3 gene controls the expression of at least 97 maturation-
specific mRNAs (Monke et al., 2012). Among the genes regulated downstream from 
ABI3 several belong to the eight different LEA protein families (Bedi et al., 2016; Monke 
et al., 2012). LEA genes encode proteins that are known to perform protective roles in 
the dry state due to their specific biochemical properties (Amara, 2014; Battaglia et al., 
2008; Shih et al., 2008; Tunnacliffe et al., 2010). LEA proteins have been implicated in 
intracellular glass formation in the dry state together with non-reducing sugars, which 
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enable water replacement, ion sequestration, protein stabilization and antioxidant and 
molecular chaperone activities (Battaglia et al., 2008; Close, 1996; Hoekstra et al., 2001; 
Tunnacliffe et al., 2010; Tunnacliffe and Wise, 2007). In vitro studies have already 
confirmed many of these roles, suggesting that LEAs are essential water-stress 
inducible protective proteins (Hincha and Thalhammer, 2012). 
During maturation the expression of LEAs is induced by abscisic acid (ABA), and 
during the first hours of imbibition transient accumulation of the different LEA mRNAs 
may occur (Espelund et al., 1992; Galau et al., 1987). Expression of LEAs may also be 
achieved by exogenous application of ABA and by water-related stresses (Delseny et 
al., 2001; Espelund et al., 1992; Hughes and Galau, 1991; Maia et al., 2011). Seed-specific 
LEAs show different patterns of gene expression and protein accumulation during 
embryo development and, in some cases, proteins may accumulate weeks after the 
detection of their transcript upregulation, indicating that different transcriptional and 
posttranscriptional regulatory pathways control LEA function, and suggesting different 
physiological roles during the progress of seed development (Chatelain et al., 2012; 
Galau et al., 1987; Hughes and Galau, 1991; Verdier et al., 2013). The storage of LEA 
mRNAs in dry seeds also suggests a translational regulation during seed germination, 
and raises several questions about the role of LEAs during the imbibition phase (Bai et 
al., 2017). 
In order to the investigate the phenotype of individual LEA mutants during seed 
development and germination, we selected five previously uncharacterized candidate 
genes which are expressed during the later stages of embryo development, and which 
expression is induced by PEG treatment in germinated seeds, correlating with re-
induction of DT (Maia et al., 2011). We found that three of the single LEA mutations 
had minor effects during seed maturation and dormancy. A mutant line with a 
knockout of At3g17520 (AtLEA30) displayed lower acquisition of DT during maturation 
and higher dormancy in freshly harvested seeds. atlea30-1 seeds also show a mild 
longevity phenotype and lowered germination under stressful conditions. Taken 
together, our results suggest that LEA function is tightly regulated in seeds, and that 
there is high functional redundancy between LEAs. Despite that, our work 
demonstrates the importance of AtLEA30 for seed maturation and germination under 
stress. Future analysis on the role of multiple LEA knockouts may be useful to access 
the specific role of LEAs as well as their regulation during the different phases of 
maturation and post maturation life. 
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Results 
 
LEA expression in seeds 
To select candidates for physiological characterization in A. thaliana we investigated 
publicly available expression datasets from seed development and during re-induction 
of DT in germinated seeds treated with PEG (Maia et al., 2011). We selected five 
candidate genes that were expressed at later stages of embryo development, and 
which expression was upregulated in the re-induction of DT in germinated seeds 
(Supplementary figure 1). We also investigated a co-expression network that was 
produced with the five LEA candidates as query (Supplementary table 1). The five LEA 
candidates show co-expression with 11 other LEA genes, suggesting a tight regulation 
of the expression of LEA family members. The GO enrichment analysis of the co-
expression network of the candidate genes shows an enrichment for seed-related 
processes such as seed maturation (GO:0010431), response to water deprivation 
(GO:0009414), embryo development ending with seed dormancy (GO:0009793), and 
response to abscisic acid (GO:0009737) (Supplementary table 2). We wondered what 
would be the contribution of individual LEA genes for seed maturation, despite the 
indication of their strong co-regulation. For that, we analysed several available T-DNA 
insertional mutants. After a screening of several T-DNA lines, we were able to confirm 
five knock-out and knock-down lines corresponding to four of the five selected LEA 
candidate genes (Supplementary figure 2). 
 
Screening for LEA proteins affecting dormancy, germinability and acquisition of 
DT during embryo development 
For physiological characterization of the five confirmed T-DNA knock-out and knock-
down lines we tested the effects of dry storage during development (30% RH, 48h) on 
the germination of the mutant seeds compared to the wild-type (Col-0) (Figure 1). In 
this analysis we also included a severe mutant allele (abi3-6) of the ABI3 gene which is 
already known to act as a regulator of seed developmental processes such as DT and 
dormancy (Bedi et al., 2016; Dekkers et al., 2016; Delmas et al., 2013; Monke et al., 
2012). 
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Figure 1 - Germination ability of developing A. thaliana seeds. Freshly harvested seeds at 
various days after pollination were germinated on water at 22°C (a) or were dried for 48 hours 
at 25°C and 30% RH and germinated in water (b). Data is the average of three biological 
replicates and the bars indicate standard deviation (SD). Asterisks denote significant difference 
by Student’s t-test between the mutants and Col-0 seeds (* p<0.05, ** p<0.01). 
 
The abi3-6 seeds were fully germinable at 11 DAP onwards (Figure 1a), as 
previously observed for other alleles of the ABI3 gene (Koornneef et al., 1989; Ooms et 
al., 1993a). The acquisition of full germinability of mutants deficient in or insensitive to 
ABA has been correlated with the absence of dormancy and precocious germination 
(Karssen et al., 1983; Koornneef et al., 1989; Ooms et al., 1993a). In contrast, increasing 
ABA content regulates a developmental arrest during early maturation in wild-type 
seeds (between 11 DAP to 16 DAP in our experimental setup), as well as stimulates the 
synthesis of proteins involved in DT (Karssen et al., 1983; Kermode, 2005; Koornneef et 
al., 1989; Ooms et al., 1993a). During late maturation a decline in ABA content is 
observed, but it is not sufficient to break the increasing dormancy imposition (from 18 
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DAP onwards in our experimental setup), revealing a genetic component in dormancy 
regulation (Karssen et al., 1983; Koornneef et al., 1989; Ooms et al., 1993a). At 11 DAP 
there was no difference in the percentage of germination of all AtLEA mutants 
compared to Col-0 (Figure 1a). At 14 DAP only the mutant line atlea19-1 displayed a 
significantly lower germination percentage compared to wild type seeds; however, the 
germination ability of this T-DNA line became comparable to Col-0 during further 
maturation. This observation indicates that AtLEA19 may play a more specific role at 
an early stage of seed maturation. From 16 DAP onwards seeds of atlea30-1 displayed 
lower percentage of germination when compared to Col-0, indicating that this gene 
may start to play a specific role in seed germinability around 16 DAP that affects 
ongoing maturation, or, alternatively, it may play this role until the end of the 
maturation period.  
When analysing the dry storability potential during maturation we found that 
wild-type and atlea seeds were able to withstand, to a certain extent, the imposed dry 
storage, while the abi3-6 mutant displayed lower and transient survival (Figure 1b). 
Interestingly, the mutants of atlea6-1 and atlea30-1 showed significantly lower ability 
to withstand dry storage as compared to Col-0 seeds only between 14 DAP and 16 
DAP. The fact that atlea30-1 showed a significantly lower ability to withstand dry 
storage and lower germinability as compared to Col-0 (Figure 1a), lead us to 
hypothesize that this gene may be also involved in seed dormancy together with the 
acquisition of germinability and DT in seeds, whereas AtLEA6 may be specifically 
involved in the acquisition of DT during seed development. In fact, dormancy 
phenotypes in other LEA mutants suggested a correlation between acquisition of DT, 
dormancy and germinability (Costa et al., 2016). It is also likely that a large functional 
redundancy and compensatory effect between specific subsets of LEA genes assures 
their correct functioning during seed maturation. As an example, the atem6 LEA mutant 
displays defective seed maturation drying, and its function can be compensated by an 
earlier expression of its homolog AtEM1 (Manfre et al., 2009). 
 
AtLEA30 is involved in post-embryonic processes 
We also investigated the germination capacity of the atlea mutants after the 
completion of maturation using primary dormancy breaking treatments (Chahtane et 
al., 2017) (Figure 2). Two-week-old seeds of Col-0 showed about 70% of germination 
without dormancy breaking treatments, indicating that the seeds are still partially 
dormant. On the other hand, the mutant lines atlea19-1 and atlea30-1 displayed a 
significantly lower percentage of germination when compared to Col-0. After 
dormancy breaking treatments by cold-stratification, GA3, or KNO3, both of these lines 
germinated to about 100%. atlea30-1 also displayed higher t50 (time necessary to reach 
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50% of germination) when compared to Col-0 (Figure 2b). These results lead us to 
hypothesize that the role of AtLEA19 and AtLEA30 in the acquisition of germinability 
during seed maturation may also affect the imposition of primary dormancy. 
Mechanisms of dormancy are activated during late seed development (Ooms et al., 
1993a), and the t50 is a more sensitive parameter to discriminate differences in seed 
dormancy as compared to germination percentage (Hilhorst, 2011). Our findings on 
the effects of AtLEA30 knock-out on the germinability of seeds in later stages of seed 
maturation (Figure 1a), and its lower germination percentage and longer t50 in seeds 
shortly after harvest (Figure 2a-b) suggest a hierarchy of the LEA proteins expressed 
during seed maturation, and that the LEA30 gene may function at a higher order of 
regulation, commonly involved with dormancy, germinability and DT. 
 
 
Figure 2 – Dormancy levels of atlea seeds. Seeds of atleas and Col-0 were submitted to 
dormancy breaking treatments by cold stratification (4°C for 48 hours), or germination in the 
presence of 10mM of KNO3 or 10µM of GA3. The experiment was performed with three 
biological replicates. Significant differences between the mutant lines and Col-0 within 
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treatments were analysed by Student’s t-test (* p<0.05, ** p<0.01). The bars represent SD of 
the means. 
 
AtLEA30 affects seed longevity and stress tolerance 
Since there is a (negative) correlation between dormancy and longevity (Nguyen et al., 
2012), and some LEAs have been shown to be important for seed longevity (Rajjou and 
Debeaujon, 2008; Sugliani et al., 2009), we decided to investigate longevity and 
accelerated aging of atlea30-1 seeds, as this line presented a more pronounced 
dormancy phenotype. Longevity is the viability of seeds after dry storage (storability) 
and indicates seed lifespan (Rajjou and Debeaujon, 2008). Seed aging is a natural 
process of deterioration that can occur even under optimal storage conditions (Rajjou 
et al., 2008). To assess atlea30-1 longevity we conducted an Elevated Partial Pressure 
of Oxygen (EPPO) storage experiment (Groot et al., 2012), and we performed a 
Controlled Deterioration Test (CDT) as a proxy for seed aging (Delouche and Baskin, 
2016; Powell and Matthews, 1984). The CDT test induces a decrease in seed vigour by 
mimicking biochemical events that occur during the natural process of seed aging, 
such as protein oxidation (Bentsink et al., 2000; Powell and Matthews, 1984; Rajjou et 
al., 2008). However, some important events in seed storage, such as a decrease in 
tocopherol levels cannot be assessed by CDT (Groot et al., 2012). In this sense, EPPO is 
a more efficient and reliable method, and is also able to release primary dormancy 
(Buijs et al., 2018). 
The germination percentage of atlea30-1 seeds under control conditions with 
or without stratification showed no significant differences when compared to wild-type 
seeds (Figure 3a). The t50 of seeds without stratification did not differ between atlea30-
1 and wild-type, however, after stratification the t50 of atlea30-1 was significantly higher 
than the one of wild-type seeds (Figure 3b). It is possible that atlea30-1 seeds are more 
sensitive to the low temperature treatment imposed during stratification, since several 
LEA genes have been shown to be regulated by cold (Hundertmark and Hincha, 2008). 
After EPPO storage, the final percentage of germination did not differ between atlea30-
1 and Col-0 seeds (Figure 3a), however, atlea30-1 seeds showed slower germination 
(longer t50) when compared to Col-0 for almost all time intervals (Figure 3b). Using CDT, 
atlea30-1 seeds displayed a significantly lower percentage of germination after 9 days 
of treatment (Figure 3c), but the t50 did not show significant differences in any of the 
time intervals analysed (Figure 3d). Together, our results suggest that AtLEA30 plays a 
role in seed aging and longevity.  
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Figure 3 – Assessment of seed longevity in atlea30-1 seeds. 16-weeks-old seeds of atlea30-
1 and Col-0 were submitted to germination with (+) or without (-) cold stratification (4°C for 
48 hours), or after incubation at Elevated Partial Pressure of Oxygen (EPPO) (a,b) (Groot et al., 
2012), as well as a Controlled Deterioration Test (CDT) (c,d) (Delouche and Baskin, 2016; Powell 
and Matthews, 1984) for different periods of time. The experiment was performed with three 
biological replicates and significant differences between the mutant line and Col-0 were 
analysed by Student’s t-test (* p<0.05, ** p<0.01). The bars represent SD of the means. 
 
The accumulation of LEA proteins at the end of maturation may be correlated 
with tolerance against environmental stresses that may occur at the beginning of seed 
germination (Rajjou et al., 2008). Thus, we investigated the germination ability of 
atlea30-1 seeds in stressful conditions, such as heat shock, salt, and ABA treatments 
(Figure 4). 
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Figure 4 – Germination of atlea30-1 seeds under stressful conditions. Heat shock was 
performed by incubating the seeds at 35°C for 24 hours before transferring them to 22°C. Salt 
stress was achieved by germinating the seeds in KCl or NaCl (75mM and 100mM). ABA 
treatment consisted of 0.1µM of ABA in 10mM MES, pH 5.8. Three biological replicates were 
used and significant differences between the mutant lines and Col-0 within treatments were 
analysed by Student’s t-test (* p<0.05, ** p<0.01). The bars represent SD of the means. 
 
 Under heat shock, atlea30-1 displayed a sensitive phenotype, with 17% 
germination whereas Col-0 seeds germinated for 41%. In both concentrations of NaCl 
(75mM and 100mM) atlea30-1 showed a significantly lower percentage of germination, 
indicating that atlea30-1 may contribute to tolerance to NaCl. In the presence of 
different concentrations of KCl and ABA no significant differences were observed 
between atlea30-1 and Col-0. We also investigated the re-induction of DT in 
germinated atlea30-1 seeds with PEG (Supplementary figure 3), but no significant 
differences could be observed. Taken together, these results suggest that AtLEA30 may 
contribute to stress tolerance in seeds during germination. 
 
Discussion 
 
The acquisition of longevity, dormancy, and DT occurs during seed development, with 
the involvement of the hormone ABA (Ooms et al., 1993b). The ABI3 gene is a master 
regulator of seed maturation and its mutation (abi3) affects the whole maturation 
process, including acquisition of DT, dormancy and longevity (Ooms et al., 1993a). The 
fact that DT and longevity are acquired at different moments during seed development 
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implies their sequential and/or differential control (Leprince et al., 2017). The 
interconnection between these processes indicates that the misregulation in one of the 
co-expression networks may have a negative impact on seed storability, longevity, and 
vigour (Dekkers et al., 2015). The correct functioning of regulatory genes during 
embryogenesis and maturation phases is essential for embryo survival in the dry state 
for long periods of time. Some of these genes, such as LEAs, have been shown to be 
also expressed during germination and re-induction of DT seeds, indicating that part 
of the maturation-related gene network is also important for seed germination and are 
stress-inducible (Bai et al., 2017; Maia et al., 2011). 
In abi3 mutants, LEA protein accumulation has been shown to be reduced 
(Delahaie et al., 2013). However, the unchanged accumulation of a number of LEA 
polypeptides raises the question if LEAs are uniquely involved in DT, and which 
processes would the non-changing polypeptides be involved with. The accumulation 
of LEA proteins concomitant with the acquisition of longevity and germinability 
suggests that LEAs may also be important for these processes (Leprince et al., 2017). 
The variable expression and accumulation of LEAs in abi3 mutants indicate that there 
is an intricate regulatory network of LEA proteins to assure their function (Bies-Etheve 
et al., 2008; Delahaie et al., 2013). 
Together with a strong co-expression network, a high copy number of 
transcriptionally active LEA genes in the genome of ancestral plant species, as well as 
in resurrection plants, indicates an evolutionary constraint on functional redundancy of 
LEAs (Costa et al., 2017a). Despite that, we hypothesized that some LEA genes may act 
upstream in the LEA network, or may have a particular role which distinguish them from 
other LEAs. This seems to be the case for AtLEA30, which mutation leads to reduced 
DT during maturation, as well as effects on dormancy, longevity and stress tolerance 
(Figures 1-4). Despite the fact that this gene is upregulated in germinated seeds treated 
with PEG (Maia et al., 2011), it seems that the absence of AtLEA30 expression does not 
affect re-induction of DT (Supplementary figure 3). AtLEA30 has been reported to be 
involved in salt stress adaptation in A. thaliana seedlings (Huang et al., 2018). Other 
LEAs belonging to the same family (LEA_4 family, or group 3) are known to perform 
multiple roles including abiotic stress tolerance such as tolerance towards salinity, 
freezing, and water-related stresses (reviewed by Battaglia et al., (2008), Hundertmark 
and Hincha (2008) and Zhao et al. (2011)). 
Only a few studies have confirmed the developmental role of LEAs using 
transgenic approaches (Hundertmark et al., 2011; Manfre et al., 2009). Our work 
contributes to the understanding of LEA function in seed maturation-related processes, 
and highlights their intrinsic functional redundancy. The precise nature and origin of 
the genetic and molecular mechanisms that control the expression of LEAs during seed 
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maturation and their relationships with the different developmental processes 
occurring in seeds remain to be elucidated. To dissect the specific contribution of LEAs 
in various seed traits, multiple knockout and overexpression of LEA genes may be 
suitable approaches. 
 
Conclusion 
 
Our study provides a better understanding of the role of LEAs during seed 
development and post embryonic life. We show in a small scale that there is an 
stablished tight regulatory network of LEA genes and that there is a hierarchy amongst 
LEA genes regulated during seed maturation. AtLEA30 may be present in a higher level 
of LEAs hierarchy, being directly involved with the processes of maturation drying, 
dormancy, germination, longevity and stress tolerance. 
 
Material and Methods 
 
Analysis of microarray data 
Genes were selected for phenotypic characterization based on the differential 
expression during embryo development and re-induction of desiccation tolerance. 
Gene expression data of A. thaliana ecotype Columbia during seed development were 
obtained from the Arabidopsis e-Northern option from BAR (Toufighi et al., 2005), 
which includes publicly available microarray datasets such as AtGenExpress 
(AtGenExpress_Plus – Extended Tissue Series) (Schmid et al., 2005). The absolute 
expression values of LEAs in A. thaliana seeds submitted to desiccation and re-
induction of DT using polyethylene glycol (PEG) were obtained from GEO Series 
accession number GSE64227 (Maia et al., 2011). A gene co-expression network was 
built with GENEMANIA (http://genemania.org/). Gene Onthology (GO) enrichment 
analysis was performed on the website of the Gene Onthology Consortium 
(http://geneontology.org/page/go-enrichment-analysis). 
 
Plant material and growth conditions 
Arabidopsis thaliana (L.) Heynh. accession Columbia (Col‐0, N60000) was used in this 
study. All T-DNA insertional lines (Supplementary table 3) were obtained from the 
Nottingham Arabidopsis Stock Centre (NASC). The lines were named according to the 
identification number used by (Hundertmark and Hincha, 2008). Seeds were stratified 
in Petri dishes on two layers of water saturated filter paper in a cold room (4°C) for 48 
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hours, and subsequently transferred to 22°C and continuous light. After 24 hours, 
germinated seeds were transferred to Rockwool blocks (Grodan, the Netherlands) in 
Hyponex solution under greenhouse conditions (16h light/8h dark). 
 
PCR genotyping and RT-qPCR expression analysis 
Genomic DNA was extracted from leaves of 1 to 2-week-old plants and genotyping 
was performed by standard PCR using primers obtained from the T‐DNA primer design 
of the Salk Institute Genomic Analysis Laboratory website 
(http://signal.salk.edu/tdnaprimers.2.html) (Supplementary table 4). Homozygous 
plants were double confirmed by re-extracting DNA and performing an additional PCR 
using the same sets of primers. RT-qPCR expression analysis was performed in dry 
seeds of one homozygous plant per T-DNA line. RNA was extracted using a hot borate-
based protocol (Maia et al., 2011). Sample preparation, RNA quality control and testing 
of primers were performed according to Dekkers et al. (2012). Approximately 700ng of 
RNA was reverse transcribed using the iScript cDNA synthesis kit according to the 
manufacturer’s instructions (Bio‐Rad Laboratories B.V., The Netherlands). The RT‐qPCR 
reactions were run on a CFX machine (Bio‐Rad). Three technical replicates were used 
per sample. The reference genes used for data normalization were At2g28390, 
At4g12590, and At4g34270 (Dekkers et al., 2012). All primers used for RT-qPCR and the 
Ct (cycle threshold) values are listed in Supplementary table 5 and Supplementary table 
6, respectively. After confirmation of downregulated gene expression, mature seeds 
from one homozygous plant per independent T-DNA line, were germinated and grown 
under the same conditions as described above, in a randomized complete block design 
with three biological replicates of at least four plants. 
 
Assessment of desiccation tolerance during seed maturation 
To obtain developing seeds at different days after pollination (DAP), at least 10 
individual flowers were tagged on the day of anthesis. After 11, 14, 16, 18 and 21 DAP 
siliques were harvested and seeds were carefully dissected using a stereomicroscope. 
Part of the fresh harvested seeds were immediately submitted to germination at 
standard conditions (22°C and continuous light on two layers of water saturated blue 
filter paper (Anchor paper company, USA)). The other part of the seeds was submitted 
to artificial desiccation at 30% relative humidity (RH) and 25°C for 48 hours. After 
desiccation, seeds were germinated at standard conditions. Germination was scored 
daily and the results were analysed using the Germinator program to obtain the final 
germination percentage and time to reach 50% of the maximum germination (t50) 
(Joosen et al., 2010). 
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Germination assays 
To assess seed dormancy, 2-week-old seeds were submitted to germination at 
standard conditions. Dormancy breaking treatments consisted of germination in the 
presence of 10mM of KNO3, 10µM of GA3, or stratification performed by placing the 
seeds at 4°C for 48 hours. Germination under stress was performed with after-ripened 
seeds (8-weeks-old) in the presence of 0.1µM of ABA (diluted in 10mM of MES, pH 5.8), 
75mM and 100mM of NaCl or KCl, or heat shock by placing the trays with seeds at 
35°C for 24 hours, and then transferring to standard conditions (22°C and continuous 
light). 
 
Assessment of seed aging and longevity 
To assess longevity of the T-DNA mutant seeds, after-ripened seeds (16 weeks after 
harvest) were submitted to artificial ageing (controlled deterioration test – CDT) 
(Delouche and Baskin, 2016; Powell and Matthews, 1984). Approximately 100 seeds 
were placed in an opened 1.5ml tube and stored above a saturated KCl solution in a 
closed ventilated tank at 80−85% relative humidity (RH) and 40°C for 3, 5, 7, and 9 days. 
RH was monitored by a Lascar data logger (Lascar Electronics). To study the effect of 
Elevated Partial Pressure of Oxygen (EPPO) on seed storage and longevity, about 100 
after-ripened seeds were place in 2ml tubes perforated with a hole of approximately 
1mm diameter closed with an oxygen-permeable polyethylene membrane (Groot et 
al., 2012). The tubes containing the seeds were placed in 1.5L steel tanks, filled with air 
at a rate of 0.4MPa per minute from buffer tanks until the tank pressure reached 
approximately 20MPa (Buijs et al., 2018). The tanks were stored at 22°C and 55% RH, 
and the seeds were collected after various periods. After CDT and EPPO treatments, 
seed germination and data analysis was performed as described above according to 
Joosen et al. (2010). 
 
Re-induction of DT in germinated seeds 
Seeds at radicle protrusion after about 28 hours of germination (stage II according to 
Maia et al. (2011)) were selected using a stereomicroscope. Seeds were submitted to a 
mild osmotic stress treatment achieved with -2.5MPa polyethylene glycol (PEG8000) at 
22°C for 72 hours. After treatment, residual PEG was washed away with demineralised 
water and the seeds were immediately dried for 72 hours at 20°C and 30% RH. After 
drying, the seeds were transferred to 100% RH for 24 hours at 22°C in an incubator 
under constant light, and then rehydrated at 22°C on a Copenhagen table. Seeds that 
continued growth and developed into viable seedlings after 6 days of rehydration were 
considered desiccation tolerant. The experiment was repeated twice with three 
biological replicates with 20 seeds each. 
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Supplementary Information 
 
Supplementary figures 
 
 
Supplementary figure 1 – Expression of AtLEAs in A. thaliana. The relative expression data 
of seeds from 3 to 10 days after pollination with (+) or without (-) the silique was retrieved 
from e-Northern (http://bar.utoronto.ca/affydb/cgi-bin/affy_db_exprss_browser_in.cgi). The 
expression values of AtLEAs in A. thaliana Col-0 at the stage of radicle protrusion (RPII) 
submitted to PEG treatment (+) compared to non-treated seeds at the same stage was 
retrieved from Maia et al. (2011). Log2 fold changes in gene expression are displayed in the 
heat map. 
 
 Page | 117 
 
Physiological characterization of Arabidopsis thaliana LATE EMBRYOGENESIS ABUNDANT protein mutants 
 
Supplementary figure 2 - PCR genotyping and RT-qPCR gene expression analysis of 
AtLEA T-DNA lines. a - PCR amplification of genomic DNA of WT Col-0 and AtLEA T-DNA 
plants (seven plants per mutant: P1-7). PCR reactions were performed combining left and right, 
and border and right primers (LP+RP and BP+RP, respectively) (Supplementary table 4). b – 
mRNA transcript abundance quantified by RT-qPCR in dry seeds of Col-0 (N60000) and 
homozygous mutant plants. The expression levels of the T-DNA lines were determined relative 
to Col-0. Primers used for this analysis as well as the Ct (cycle threshold) values are shown in 
Supplementary tables 5 and 6, respectively. Bars are means ± SE of three technical replicates 
(n=3). Significant differences between the Ct values of gene expression in Col-0 and the T-DNA 
lines were determined by Student’s t-test (* p<0.05, ** p<0.01). 
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Supplementary figure 3 - Re-induction of DT in germinated seeds of atlea30-1. 
Germinated seeds were treated with -2.5MPa PEG and posteriorly pre-humidified and 
rehydrated (Maia et al., 2011). Normal seedling growth 6 days after rehydration was scored. 
The bars represent means ± SD of three biological replicates (n=20). Student’s t-test was used 
to analyse significance of differences between the lines within each treatment. 
 
Supplementary Tables 
 
The supplementary material of this chapter can be downloaded from 
http://www.wageningenseedlab.nl/thesis/masilvaartur/SI/ 
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On the unfolding of plant desiccation tolerance? 
 
Water stress adaptations were crucial for the establishment of the current global plant 
biodiversity. The appearance of desiccation tolerance (DT) mechanisms was one of the 
major factors that enabled basal plant species to move from aquatic to terrestrial life 
and to colonize environments with lower water availability. As plant body structure and 
-physiology evolved and became more complex, DT mechanisms were confined to 
reproductive structures such as spores, (orthodox) seeds, and pollen grains. The co-
option hypothesis about the evolution of DT suggests that the group of angiosperm 
resurrection plants were able to reactivate several of the DT mechanisms that were 
common to basal plants and reproductive structures in their vegetative body, which 
enabled their colonization of extremely harsh environments with scarce or intermittent 
water availability. DT involves signalling pathways for sensing the drying environment 
and activating responsive mechanisms. Some of these mechanisms involve protective 
and recovery components that are found to operate in a concerted manner at the 
genomic, morpho-anatomical, physiological, molecular, and biochemical levels. This 
network of events reveals the complex regulation of this trait. 
 In this thesis, I investigated genomic, physiological, molecular and biochemical 
aspects of DT, and focused on a major player among the protective component. In 
Chapter 2 I analysed the genomic features and transcriptomic responses to desiccation 
and rehydration of the resurrection monocot species Xerophyta viscosa, and found 
clues that support the hypothesis of co-option of DT mechanisms from seeds by 
resurrection angiosperm plants. One of the clearest examples was the finding of 
combined gene family expansion and high expression of the so-called Late 
Embryogenesis Abundant protein (LEA) genes.m 
LEAs were first discovered in orthodox seeds where they accumulate during the 
maturation-drying phase. Later, LEAs were found outside of the plant kingdom, 
commonly accumulating during dehydration in desiccation tolerant species of, among 
others, insects, nematodes, tardigrades and crustaceans. Also, LEA genes were found 
to be highly responsive to desiccation in distinct species of basal and angiosperm 
resurrection plants, revealing that these genes are important and universal players in 
DT. 
Some LEAs present intriguing biochemical characteristics such as small size, high 
hydrophilicity, and the presence of intrinsically disordered regions (IDRs) that can 
acquire environment-dependent secondary structure. Due to these properties, LEAs are 
considered plastic and structurally dynamic proteins that play multiple roles in 
protecting the subcellular milieu against water stress damage. However, this protective 
function which depends on structural dynamics can only be assessed (to date) under 
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artificial conditions, by combining in silico and in vitro structural analysis of individual 
proteins together with in vitro and ectopic expression in vivo (e.g. using bacterial 
systems or heterologous/overexpression in planta). Thus, the functions assigned to 
LEAs as a family (or families) of proteins are still putative. 
The major focus of three chapters of this thesis was to comprehend the 
evolution of LEAs in the plant lineage (Chapter 3), their structural dynamics in vitro and 
their function in vivo (Chapter 4), as well as their contribution to orthodox seed traits 
other than DT (Chapter 5). 
In the following paragraphs, I give a brief introduction of the interesting group 
of resurrection plants, and then synthesize the main findings and discuss some of the 
insights of my thesis. First, I briefly discuss how the genome and transcriptome of the 
resurrection monocot X. viscosa can help us to understand the mechanisms of DT, 
aiding to previous physiological information. Second, I discuss several insights of the 
evolution of LEA families in plants, and provide an hypothesis of the evolutionary 
meaning of their distribution across multiple plant genomes. Third, I discuss about LEA 
protein structure and function, and how in silico and in vitro analysis can aid to 
functional characterization of these proteins. Finally, I point some obstacles in 
improving our understanding of the contribution of LEAs for plant DT, and provide 
what I think will be important to focus on future research in the field of DT and LEA 
proteins, and suggest applications of the knowledge herein generated. 
 
Long live the resurrection plants! 
 
Resurrection plants include a little over 130 species of ferns, fern allies, and angiosperm 
species which are distributed across all continents, but are restricted to environments 
with low water availability (xeric) were desiccation sensitive species rarely occur (Oliver 
et al., 2000; Porembski and Barthlott, 2000). A higher proportion of ferns is able to 
‘resurrect’ when compared to angiosperms, although angiosperm resurrection plants 
can tolerate more severe desiccation, likely due to the habitat where they evolved (Gaff, 
1977). Despite that, the least tolerant resurrection fern is still more tolerant than most 
agricultural crop species (Gaff, 1977). 
Resurrection plants may remain viable when desiccated from months up to at 
least a couple of years (Farrant and Kruger, 2001; Tuba et al., 1993). Orthodox seeds 
produced by angiosperm species undergo maturation drying as a developmental 
phase, and may be stored in the dry state for up to thousands of years, producing 
viable plants after rehydration (Bewley et al., 2012; Sallon et al., 2008; Shen-Miller, 
2002). Acquisition of DT and the ability to survive long periods in the dry state 
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(longevity) require complementary molecular players and play important roles in seed 
quality and storability (Leprince et al., 2017; Ooms et al., 1993b; Verdier et al., 2013). 
In fact, the most accepted hypothesis is that the DT displayed in vegetative 
tissues of resurrection plants is a result of co-option of DT mechanisms present in the 
orthodox seeds of angiosperms which, in turn, had evolved from an ancestral form of 
vegetative DT (Farrant and Moore, 2011; Oliver et al., 2000). It is unlikely that a single 
DT strategy has evolved in the different resurrection species, but rather many variations 
of protection and repair mechanisms have been selected (Bewley, 1995). These 
mechanisms can be partially reactivated in desiccation sensitive seeds and seedlings 
via application of ABA or osmoticum (PEG) (Buitink et al., 2003; Costa et al., 2017a; Maia 
et al., 2011). Comprehending how DT was established during plant evolution, and how 
its components allow cells to remain alive in the dry state for long periods has large 
potential for agronomical purposes. 
 
How can X. viscosa help us to comprehend DT? 
 
X. viscosa (Baker) is a monocotyledonous species that belongs to the Velloziaceae 
family, which is predominantly distributed across rocky terrains and inselbergs in 
exposed grasslands of tropical Africa and Madagascar (Mello-Silva et al., 2011; 
Porembski and Barthlott, 2000). X. viscosa is a desiccation tolerant vascular species. 
Such species can tolerate loss of more than 95% of their total cellular water and are 
able to reassume full metabolic activity within 24 hours after rehydration (Farrant et al., 
2015). X. viscosa plants display a poikilochlorophyllous strategy during desiccation, 
which comprises degradation of chlorophyll and the disassembly of chloroplasts in 
order to avoid chlorophyll excitation and extensive formation of reactive oxygen 
species (ROS) during desiccation (Alpert, 2000). 
Farrant et al. (2015) characterized three major phases in which physiological 
changes occur during desiccation of X. viscosa plants: the first phase is termed early 
response to drying (ERD) and consists of the decline of relative water content (RWC) 
down to 55%, when major photosynthetic responses are shut down. Morphologically, 
this phase is characterized by degreening of the leaves. The second phase consists of 
late responses to drying (LRD), when the RWC drops further to 10%, accompanied by 
a subtle leave curling and accumulation of anthocyanins in the adaxial side of the 
leaves. In the last phase RWC drops to below 10%, accompanied by cessation of 
respiration and metabolic arrest and tissues reach an air dried state (ADS). In the 
different stages, important mechanisms to avoid irreversible mechanical and molecular 
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damage, such as the ones caused by oxidative stress, have been evolutionarily selected 
for (Smirnoff, 1993). 
At the transcriptional level, the major changes in X. viscosa adult plants were 
observed between 60% to 40% RWC (Chapter 2, Figure 2a). At this point, a strong 
repression of the expression of genes involved in energy metabolism, and increased 
accumulation of genes associated with chlorophyll degradation, protein folding, 
protection and translational control was observed. In young desiccated seedlings 
treated with ABA, the shutdown of energy metabolism and activation of protective 
mechanisms was likewise observed (Chapter 2, Supplementary figure 3). 
The physiological and transcriptional responses of X. viscosa to desiccation 
indicate that the water content-driven coordinated deactivation of metabolism and 
activation of cellular protection is likely the major evolutionary characteristic that 
allowed the adaptation of this species to water-limiting environments. 
 
Building blocks for successful DT 
At the genome level, polyploidy events gave rise to the X. viscosa octoploid genome, 
which consists of 48 small chromosomes. Whole genome duplications (WGD) influence 
not only the genome size, but also the gene content, and it is one of the major sources 
of evolutionary novelties such as adaptation to environmental stresses (Conant and 
Wolfe, 2008; Panchy et al., 2016). X. viscosa displays several genomic characteristics 
that correlate with its desiccation tolerant phenotype (Chapter 2).  
Gene family analysis demonstrated that X. viscosa displays a very low 
percentage of orphan genes (which are genes not included in gene families by the lack 
of functional information) suggesting that DT in X. viscosa is a result of pre-existing 
genes and gene families, which gives strong support for the co-option hypothesis. 
Furthermore, expansion of gene families necessary for responses to light, and osmotic- 
and thermo- stress may have contributed to the appearance of a stress tolerant 
phenotype in X. viscosa. 
Clusters of differentially expressed genes under desiccation (CoDAGs), were 
firstly described in an anhydrobiotic midge, and were thought to be evolutionary units 
that enabled the appearance of DT in these organisms (Gusev et al., 2014). Based on 
similarity searches, we identified CoDAGs in the genome of X. viscosa (Chapter 2, 
Figure 1), however the majority of the genes in these CoDAGs were downregulated 
during desiccation, suggesting that in this species, the coordination of CoDAGs is 
predominantly associated with metabolic arrest. 
Another remarkable genomic characteristic of X. viscosa is the expansion of LEA 
protein families as compared to other sequenced monocot genomes. In general, LEAs 
are highly active during desiccation in several resurrection plants (VanBuren et al., 2017; 
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Xiao et al., 2015; Xu et al., 2018). LEA proteins accumulate in orthodox seeds mainly 
during late maturation (reviewed by Leprince et al. (2017)), and were found to be 
important for completion of the maturation program, as well as for acquisition of seed 
traits such as DT and longevity (Chatelain et al., 2012; Hundertmark et al., 2011; Manfre 
et al., 2006; Manfre and Simon, 2008, Chapter 5). Thus, the coordination of 
upregulation of LEAs in X. viscosa and other resurrection species during desiccation 
also supports the hypothesis of co-option of DT mechanisms from orthodox seeds by 
resurrection plants (Chapter 2, Figure 3) (Farrant and Moore, 2011; Oliver et al., 2000). 
From an evolutionary genomic perspective, one of the most important 
implications of the co-option hypothesis refers to the impact of duplications on gene 
neofunctionalization, subfunctionalization, and dosage variation, as well as on protein 
biochemistry, which can change the biology of an organism (reviewed by Conant and 
Wolfe (2008)). In the case of duplicated copies of LEAs, we hypothesize that their 
contribution to the DT phenotype in X. viscosa may include altered protein 
biochemistry, likely by different abilities to undergo desiccation-induced protein 
folding and binding, which may enable an orchestrated protection of the cytosol and 
its components during the decrease in RWC.  
Another important outcome of gene duplication is differential mutational rates 
in cis-regulatory elements (Arsovski et al., 2015), which may lead to differential 
regulation of gene expression (temporal and spatial) between the duplicated copies. 
LEA proteins in seeds display variable expression profiles as well as protein 
accumulation during the maturation phase, indicating transcriptional and post-
transcriptional regulation (Chatelain et al., 2012; Espelund et al., 1992; Galau et al., 1987; 
Hughes and Galau, 1991; Verdier et al., 2013). In X. viscosa plants under desiccation, 
about 71% of the LEA genes change in expression, and the majority of them (~43%) is 
upregulated between 60% to 40% RWC (1.5-1.0 gH2O g−1 dry weight) (Chapter 2). 
Despite that, genes belonging to the same LEA family display variable temporal 
activation and accumulation, and some of these genes are even downregulated upon 
desiccation (Chapter 2, Figure 3a-b). In silico analysis revealed that the different LEA 
families vary greatly in their upstream genomic regions, where distinct sets of 
transcription factors (TFs) can initiate gene expression (Chapter 2, Supplementary 
material online). It is likely that during the genomic evolution of X. viscosa, changes 
in cis-regulatory regions, including promoter binding sites, contributed to temporal 
variations of LEA gene expression, favouring the retention of duplicated LEA copies and 
their contribution to DT, although more empirical analysis is still needed in order to 
confirm this in silico observation. 
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LEAs here, LEAs there, LEA proteins everywhere!  
 
Due to their importance for the acquisition of DT in seeds, understanding the evolution 
and distribution of LEA gene families in plant genomes can potentially aid to the 
selection of candidates for improving DT and other traits in seeds. 
A gene family is defined as a group of genes that descended from a common 
ancestor gene, or homologs, and that maintained similar sequence and often similar 
functions during evolution (Dayhoff, 1976). Gene families include corresponding genes 
in different species, and genes duplicated within the same genome, also named 
orthologs and paralogs, respectively (Gabaldon and Koonin, 2013; Koonin, 2005). The 
emergence, expansion, contraction and disappearance of gene families, as well as copy 
number variations and per nucleotide polymorphisms, play significant roles in 
organismal adaptation (Demuth and Hahn, 2009). With the fast development of 
sequencing techniques, and availability of a number of whole-genome sequences, 
comparative genomic analysis has the power to provide insights into gene family 
evolution and its contribution to adaptation and diversity. 
During the past years, genomic investigation of several plant species has shown 
that members of the different LEA families are widely found across evolutionary distant 
plant species, from monocots to eudicots (Altunoglu et al., 2017; Battaglia and 
Covarrubias, 2013; Bies-Etheve et al., 2008; Cao and Li, 2015; Charfeddine et al., 2015; 
Du et al., 2013; Hundertmark and Hincha, 2008; Lan et al., 2013; Li and Cao, 2016; 
Magwanga et al., 2018; Pedrosa et al., 2015; Wang et al., 2007, Chapter 3). It seems 
intuitive to speculate that, if LEA proteins are important for DT in orthodox seeds and 
in resurrection plants, they should be, somehow, overrepresented in the genomes of 
these species, and absent or in lower number in the genomes of desiccation sensitive 
species or species with a water-dependent lifestyle. The first assumption could be 
considered partially true if we analyse the distribution of LEAs in basal species (Chapter 
3, Figure 1). Only two LEA families (LEA_5 and SMP) are present in aquatic green algae 
genomes (the ones investigated in this thesis), while the appearance of new LEA 
families and gene copy-number expansion is readily observed in the bryophyte and 
lycophyte clades, which may indicate that LEA family evolution was, among other 
factors, involved in the adaptation to land life (Rensing et al., 2008). Also, the expansion 
of LEAs in X. viscosa reported in Chapter 2, and contraction and even disappearance 
of some families in aquatic (Spirodela polyrhyza) and marine (Zostera marina) (Olsen 
et al., 2016) monocot species, could be an indication that these specific LEA families 
are, to a certain extent, related to DT.  
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However, if we analyse the genomes of species that do not present aquatic or 
marine lifestyles, but produce desiccation sensitive seeds (recalcitrant seeds), as well as 
intermediate seed phenotypes (as in intermediate seeds) (Ellis et al., 1991), we find that 
these speculations are no longer valid. Members of all LEA families can be found in the 
genomes of species that produce recalcitrant or intermediate seeds such as Theobroma 
cacao, Citrus sinensis, Carica papaya, and Elaeis guineensis, and no apparent LEA family 
copy-number contraction is clearly evident or has been reported previously (Chapter 
3, Figure 1). 
Interestingly, LEAs were found, in general, in larger numbers in the genomes of 
the resurrection plants S. lepidophylla, S. tamarisciana, and X. viscosa compared with 
closely-related species (Costa et al., 2017a; VanBuren et al., 2018; Xu et al., 2018), and 
to be highly expressed under desiccation conditions in the majority of the resurrection 
species for which genomes and transcriptomes are analysed (Chapter 1, Table 1). This 
indicates that the composition and functioning of distinct sets of LEAs may be one of 
the major protective features that were evolutionary selected in resurrection plants. 
At this point, it is important to highlight that most analyses of gene families in 
different genomes involve clustering methods based on sequence similarity, which may 
vary greatly depending on the tools used and the thresholds applied. Consequently, 
comparative analysis may be robust within a study, but caution should be taken when 
comparing different studies (Demuth and Hahn, 2009). Despite these limitations, 
sequence similarity implies structural and likely functional similarities, thus, 
comparative analyses are powerful to demonstrate the dynamics of gene families, as 
well as functional annotation of unknown genes (Eisen, 1998). 
But how could LEA gene families be a footprint of DT in resurrection plants, if 
they are found everywhere, from the beginning of the plant lineage in aquatic green 
algae, to recalcitrant angiosperm species? More likely than copy-number variation and 
presence or absence of entire gene families, the duplication and diversification of 
specific sets of genes, including LEAs, played an important role in the evolution of DT. 
The diversification of genes within a gene family may occur via a number of 
events such as whole-genome duplications (WGD), segmental duplications, tandem 
duplications and transpositions (Freeling, 2009). All these mechanisms accelerate gene 
family evolution and provide material for evolutionary selection of variable duplicated 
copies. Synteny analysis allows the detection of the major evolutionary mechanisms 
that shaped the evolution of a gene family by identifying homologous genes in 
corresponding chromosomes of different species (Zhao et al., 2017; Zhao and Schranz, 
2017). The incorporation of network approaches in synteny analysis may facilitate the 
understanding of the evolution of duplicated gene copies in their genomic context, 
and ultimately, gene family evolution (Zhao and Schranz, 2017). 
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Large-scale synteny network analysis in 60 genomes has demonstrated that LEA 
families have distinct evolutionary histories, although, in general, they are largely 
conserved in angiosperm genomes (Chapter 3, Table 1). Important evolutionary 
mechanisms such as ancestral genomic duplications and recurrent tandem duplications 
contributed to the acquisition of new genomic contexts by LEA duplicates, resulting in 
gene family expansion and diversification. This implies that neofunctionalization or 
subfunctionalization within LEA families may have occurred, likely involving changes in 
protein sequences and/or gene expression profiles between the duplicated copies 
(Arsovski et al., 2015; Conant and Wolfe, 2008). As an example, the Dehydrin family has 
diversified into two major syntenic groups before the origin of monocots and eudicots 
(Chapter 3). As a consequence, these two groups display distinct protein sequences 
with different biochemical features and motif composition. The finding of Dehydrin 
proteins performing distinct roles in P. patens indicates that functional diversification 
may have occurred before the origin of angiosperms (Agarwal et al., 2017; Ruibal et al., 
2012). 
Diversification between LEA proteins belonging to the same family was also 
observed in their subcellular localization (Avelange-Macherel et al., 2018; Candat et al., 
2014). Protein relocalization is another mechanism by which the duplicated copies may 
diverge, and it is often accompanied by protein sequence and gene expression pattern 
alterations (Liu et al., 2014). Our data revealed that the two distinct Dehydrin groups 
found presented diversified expression profiles in A. thaliana, with one group 
predominantly expressed during seed development and water stress, and the other 
expressed upon water stress only (Chapter 3, Figure 3). Future comparisons between 
our findings and experimental information of subcellular localization of LEAs, such as 
the work performed by Candat et al. (2014), may shed light onto the extent of 
diversification of LEA proteins located in distinct syntenic genomic regions.  
Thus, bearing in mind the highly distinct evolutionary origin, biochemistry, 
genomic context, expression patterns, functional motifs, and subcellular localization 
between and within LEA families, it is likely that the combination of these factors giving 
rise to multiple responsiveness and functionalities of LEAs is the actual footprint of DT 
in which these genes take part. 
 
LEAs stability and disorder: two sides of the same coin? 
As mentioned before, it is likely that several features of LEA protein families were 
evolutionarily selected and contributed to the establishment of DT in plant species. 
One of the most remarkable characteristics of these proteins is their secondary 
structure or, in fact, the lack of it. Despite the lack of sequence similarities between the 
different LEA families, in general, LEA proteins present an overriding hydrophilicity, 
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high Glycine content, and low content or lack of Cysteine and Tryptophan residues 
(Dure et al., 1989a; Garay-Arroyo et al., 2000). These characteristics led to the 
suggestion that LEAs were mainly randomly coiled in solution, being regarded as 
intrinsically disordered proteins (IDPs) (Cuevas-Velazquez et al., 2017; Dure et al., 
1989a; Goyal et al., 2005c; Shih et al., 2008; Soulages et al., 2002; Tompa, 2002; Uversky 
et al., 2000). 
LEAs are considered as the plant protein group with the largest number of IDPs 
known (Sun et al., 2013), since several in silico and in vitro studies have identified their 
lack of secondary structure in solution, confirming the disordered characteristic 
(Cuevas-Velazquez et al., 2016; Hundertmark et al., 2012; Mouillon et al., 2006; Popova 
et al., 2011; Shih et al., 2012; Shih et al., 2010). IDP-encoding genes were also recently 
found in multiple desiccation tolerant tardigrade species, induced during dehydration 
(Boothby et al., 2017). 
The fact that the IDPs accumulating in tardigrades during desiccation were able 
to enhance DT when expressed in heterologous systems (Boothby et al., 2017) led us 
to investigate if a similar response was also found in X. viscosa leaves under desiccation. 
To test this, we analysed the structure of six distinct LEA proteins encoded by genes 
upregulated in X. viscosa leaves during desiccation (between 60% and 40% RWC) 
(Chapter 4). All six proteins displayed predominantly disordered structures in solution, 
although some level of local secondary structure was also identified. This finding 
suggests that LEA proteins presenting IDP characteristics may also be mediators of the 
DT response in X. viscosa leaves. 
Next, we tested if the isolated IDPs of X. viscosa were able to undergo 
conformational changes in a hydrophobic environment. A characteristic of several IDPs 
is their propensity to undergo disorder-to-order transition in vitro under drying and 
solute perturbations, which correlates with their ability to bind and protect other 
molecules and membranes (Bremer et al., 2017; Cuevas-Velazquez et al., 2016; Furuki 
et al., 2011; Hundertmark et al., 2012; Mouillon et al., 2006; Popova et al., 2011; Rivera-
Najera et al., 2014; Shih et al., 2010; Soulages et al., 2002). We found that five of the six 
proteins studied in vitro displayed a substantial ability to undergo conformational 
changes and acquire higher levels of secondary structure upon solute perturbation 
(Chapter 4). 
Interestingly, the protein XvLEA1-8 showed a highly disordered character and 
outstanding conformational plasticity, adopting 100% alpha-helical structure when 
added to a denaturing solution of acetonitrile (ACN). Concurrently, this protein 
displayed a highly protective function with respect to the activity of the enzyme lactate 
dehydrogenase (LDH) against desiccation-, heat-, and oxidation damage in vitro, as 
well as enhanced heat, salt and osmotic stress survival when heterologous expressed 
 Page | 129 
 
General Discussion 
in Escherichia coli cells and in Arabidopsis thaliana plants. Contrarily, XvLEA4-12 
revealed a higher degree of secondary structure in water, and displayed an 
unsubstantial change in conformation when incubated in ACN. Furthermore, this 
protein did not contribute substantially to the protection of LDH upon stress, and made 
only a small contribution to the survival and growth of E. coli cells under stressful 
conditions. 
It is not surprising that some LEA proteins display fewer IDRs or lower 
conformational plasticity under stressful conditions. In fact, an equilibrium between 
disordered and ordered forms can be found under different stressful conditions 
(Cuevas-Velazquez et al., 2016; Kovacs et al., 2008; Mouillon et al., 2008; Soulages et 
al., 2003). Also, a group of LEAs remains highly stable in their disordered state under 
conditions of macromolecular crowding and still are able to perform catalytic and 
chaperone-like activities suggesting that maintenance of the disorder may be required 
for their functioning (Chakrabortee et al., 2010; Kovacs et al., 2008; Mouillon et al., 2008; 
Mouillon et al., 2006; Soulages et al., 2003). The impact of this structural versatility is 
reflected in their ability to perform multiple functions (Agarwal et al., 2017; Alsheikh et 
al., 2003; French-Pacheco et al., 2018; Furuki and Sakurai, 2016; Goyal et al., 2005a; 
Halder et al., 2017; Hara et al., 2005; Hoekstra et al., 2001; Kovacs et al., 2008; Liu et al., 
2016b; Nakayama et al., 2007; Tolleter et al., 2010; Tolleter et al., 2007; Tompa et al., 
2006). 
Taken together, it appears that desiccation commonly stimulates the expression 
of genes encoding a multitude of LEAs with distinct stability, disorder, and folding 
abilities which, in turn, may be able to perform variable protective functions 
contributing to survival in the dry state. 
 
LEAs as an IDP (-sub)class? 
The high variability in biochemistry, structure, function, and expression patterns, as well 
as distinct evolutionary trajectories, makes it a difficult task to define and classify LEAs. 
Most of their classification is based on sequence similarity, protein domains, -motif and 
–composition (Battaglia et al., 2008; Bies-Etheve et al., 2008; Dure, 1993; Dure et al., 
1989b; Hughes and Galau, 1989; Hunault and Jaspard, 2010; Hundertmark and Hincha, 
2008; Tunnacliffe and Wise, 2007; Wise, 2003; Wise and Tunnacliffe, 2004). All of the 
proposed classifications make sense in the context in which they were created and 
applied; however, it is a great challenge to combine all existent LEA classes and groups 
in a consensus arrangement because they were defined based on distinct assumptions 
and considering distinct protein features. 
Furthermore, if we consider that LEAs are IDPs or have IDRs, and that IDPs and 
IDRs may evolve more rapidly than proteins with defined structures due to the lack of 
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structural constraints (Brown et al., 2011), the classification of LEA proteins based 
uniquely on amino acid sequence becomes less reliable. Also, most of the sequence 
clustering and annotation methods do not consider a large pool of segments with low 
sequence similarity, such as IDRs, which complicates the transfer of knowledge 
between homologues (van der Lee et al., 2014). Thus, it would be reasonable to define 
a new classification of the LEA proteins which are IDPs or contain IDRs.  
A systematic classification that incorporates biochemical, structural, and 
disorder information as classification steps could lead to a better definition of classes 
of IDP-LEAs. Also, the inclusion of evolutionary and synteny information could aid to 
the understanding of gene and protein structure as well as expression diversification 
which, in turn, could also aid to a better functional characterization of genes across 
evolutionarily distant species, and assignment of function for uncharacterized proteins, 
and facilitating the selection of candidate genes for future research and applications. 
Despite the potential of such an approach, a hierarchical method for systematic 
classification that can implement so many criteria is still not fully developed (Koonin et 
al., 2002; Orengo et al., 1997; van der Lee et al., 2014). While awaiting for that, LEAs will 
continue to be a group of ‘odd ones out’ in the protein classification system. 
 
Multilevel approaches for knowledge transfer into applications 
 
In this thesis a multilevel approach combining different research topics was employed 
in order to tackle curiosity-driven fundamental questions about the mechanisms 
governing DT in resurrection plants and seeds. 
The knowledge herein generated may also contribute to the exchange between 
fundamental research and practical applications. In the next sections, examples of 
applications of this knowledge are proposed and discussed. 
 
Comparative genomic approaches to investigate water stress adaptation in plants 
With the fast development of sequencing techniques in the last decades, several 
projects have been developed and executed in order to sequence and assemble 
hundreds of plant genomes and transcriptomes. For example, the 1KP project launched 
in 2012 focused on providing sequence information of a thousand species, including 
crops and model plants (https://sites.google.com/a/ualberta.ca/onekp/). Between 
2017 and 2022, a new project named 10KP (https://db.cngb.org/10kp/) will build on 
the 1KP project, and will include the sequencing of genomes of microbes and plants, 
comprising a broad spectrum of phylogenetic diversity (Van de Peer and Pires, 2018). 
Also, several other smaller initiatives have been developed, such as the 101 African 
orphan crops project, that aims to improve the nutritional value of 101 traditional 
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African food crops by assembling and annotating their genomes 
(http://africanorphancrops.org/), which provides essential tools to plant breeders. Thus, 
the development of new approaches to keep track of the large number of genomic 
and transcriptomic data becoming available may facilitate the understanding of 
phenotypic variation and improvement of plant performance. 
 In this scenario, comparative genomics (CG) has great potential in facilitating a 
more thorough study of the evolution, the source of genetic diversity, and the origin 
of phenotypical innovations in plant genomes. Typically used for gene and protein 
functional annotation, CG approaches have also potential for conservation of molecular 
biodiversity, for example by providing information about interaction between species 
and their threatening processes (biotic and abiotic) (Grueber, 2015; Pellegrini et al., 
1999). The application of CG also allows the determination and investigation of genes 
and genomic regions under environmental selection, providing important hypotheses 
for the origin of phenotypic variations. 
For instance, the major molecular adaptations for plant colonization on land 
were inferred by comparing the genomes of aquatic and terrestrial species (Rensing et 
al., 2008). Furthermore, CG also extends through large scale gene family analysis to 
understand functional diversification. For instance, in the study presented in Chapter 
3, a large scale comparative genome analysis of LEA protein families in 60 genomes 
revealed important evolutionary patterns leading to synteny and protein diversification 
responsible for functional innovations related to water stress adaptation. 
Extremophiles constitute the most suitable models in order to discover 
physiological and molecular mechanisms underlying the evolution of stress adaptation 
in plants to extreme environments using comparative investigations (Kramer, 2018). In 
the case of DT, several resurrection plants have been under focus of comparative 
analysis of transcriptomes, metabolomes and proteomes, which provided important 
clues about the major mechanisms underlying DT (Cushman and Oliver, 2011; Giarola 
et al., 2017). Also, CG allowed us to investigate which are the major players of DT in the 
angiosperm resurrection species X. viscosa and to provide support to the hypothesis 
that these mechanisms were co-opted from orthodox seeds (Chapter 2). 
To our knowledge, currently there are only six DT genomes fully sequenced of 
phylogenetically distant species: one bryophyte, two lycopodiophyta, two monocots, 
and one eudicot (Table 1, Chapter 1). The large evolutionary distance between several 
DT species is explained by environmental constraints, since many of the resurrection 
plants colonize dry rock outcrops, which favoured the appearance of DT mechanisms 
in non-related species (Porembski and Barthlott, 2000). Thus, caution should be taken 
when investigating the evolution of DT in resurrection plants because comparison 
between phylogenetically distant species could lead to loss of genomic information 
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(Zhao et al., 2017), raising the urgency for more resurrection plant genomes become 
available. 
Despite the need of more sequenced resurrection genomes in order to 
investigate the evolution of DT by CG analysis, some issues such as their scaffolded 
phylogenetic distribution (Oliver et al., 2000), slow growth and unpredictable flowering 
times (Alpert, 2005), and the lack of molecular techniques for transformation and 
cultivation in vitro makes it problematic to test several of the hypotheses provided by 
CG. One way to solve these issues is by developing more non-seed model species 
(Rensing, 2017) such as some ferns and mosses that display DT. This approach would 
be extremely beneficial to comprehend which of the mechanisms acting in angiosperm 
resurrection plants are ancestral and derived, and how they diversified through the 
course of plant evolution and adaptation to climate variations. 
Another potential approach consists of the comparison between species 
belonging to the same clade but displaying distinct stress tolerance phenotypes, the 
so-called sister lineage approach. Such an approach has revealed that desiccation-
related genes in the anhydrobiotic insect Polypedilum vanderplanky have undergone 
massive expansions within gene clusters (Gusev et al., 2014), and that horizontal gene 
transfer may play a role in DT of bdelloid rotifers (Nowell et al., 2018). 
In resurrection plants the sister lineage approach is commonly applied in order 
to compare the physiology of tolerant and sensitive species. For example, Ginbot and 
Farrant (2011) have pointed at several physiological adjustments in the resurrection 
plant Eragrostis nindensis which were misregulated in the related crop variety 
Eragrostis tef. At the genomic level, this approach has demonstrated several species-
specific adaptations responsible for the distinct tolerant and sensitive phenotypes of 
two closely-related moss species (Xu et al., 2018). 
The use of CG by sister lineage approaches using extremophile species, such as 
resurrection plants, can help to unravel the genetic basis of several stress tolerance 
traits. This approach may also facilitate the discovery of new genes and pathways to be 
prioritized in genetic programs aiming to improve crops towards tolerance and 
productivity under stress. 
 
Stabilization of matters: why does it matter?  
The traditional concept that protein function critically depends on a well-defined 3D 
structure has changed with the finding that for many proteins and protein domains the 
functional state is in an unstructured state, resembling those of ordered proteins when 
denatured (Dunker et al., 2001; Tompa, 2005; Uversky, 2002). 
Advances in the field of biophysical and structural biology have favoured the 
development of several techniques, such as X-ray crystallography, Nuclear Magnetic 
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Resonance (NMR), and Circular-Dichroism (CD) analysis, which provide site-specific 
and global information about structural distinction between proteins and protein states 
(Piovesan et al., 2017; Uversky, 2002). Nowadays, more than 800 entries of structures 
of IDPs (also termed intrinsically unstructured protein, IUPs) and IDRs can be found in 
the major database collection DisProt (Piovesan et al., 2017). 
A large number of studies support that IDPs also lack structure in vivo, and that 
they display structurally adaptive functions (Tompa, 2005). These functions are 
invariably dependent on their structural disorder, and the major functional modes can 
be classified into five major categories: entropic chains, effectors, scavengers, 
assemblers and display sites (Tompa, 2002). These functions are commonly found in 
proteins able to bind DNA, RNA, other proteins and smaller ligands (Tompa, 2002; 
Tompa, 2005). As mentioned before, several studies have demonstrated that LEA 
proteins are IDPs or contain IDRs that can undergo disorder-to-order transitions in the 
cell. Functions associated with this property have been demonstrated in vitro, and 
include ion binding, glass formation, and stabilization and protection of membranes 
and enzymes against degradation (described in Chapter 1). 
Engineering protective proteins such as LEAs with IDP properties able to 
stabilize biological and non-biological materials has a tremendous socio-economic 
potential. For example, the storage conditions of protein and peptide pharmaceuticals 
is critical for their stability. The common causes of instability include oxidation, 
denaturation and aggregation caused by intense exposure to high and low 
temperatures, ultraviolet light, metal ions, free radicals, shaking, and loss of the water 
shell (Swain et al., 2013). Often, glycerol and polyethylene glycol are employed to 
stabilize pharmaceuticals under cryo-storage; however, PEG does not stabilize 
biological materials during drying (Swain et al., 2013). 
Another interesting use of LEA proteins would be as stabilizers of nanoparticles, 
since there is a need of ‘greener’ strategies that use biocompatible and biodegradable 
stabilizing agents for metal nanoparticles for applications in biomedicine, material 
science, electronics, biosensors, cosmetics, food industry, and environmental 
remediation (Varma, 2012; Virkutyte and Varma, 2011). Interestingly, LEA proteins have 
been shown to be able to perform metal binding in vitro (French-Pacheco et al., 2018; 
Hara et al., 2005; Kruger et al., 2002), which gives even more potential for their industrial 
application. 
Taking XvLEA1-8 as an example, the heat stability, highly disordered nature, and 
ability to acquire complete alpha-helical structure in hydrophobic solution correlates 
with the preservation of enzyme activity upon desiccation, and heat-, and oxidative 
stress (Chapter 4). Engineered proteins displaying these biochemical properties could 
be applied for maintaining the integrity of biological structures such as DNA, RNA, 
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peptides, and pharmaceuticals that should be stored and delivered in a dry or frozen 
state. These properties might also be useful for stabilizing sensitive and harmful non-
biological materials such as metal ions and chemical compounds, although further 
experimentation is still needed. 
Taking this socio-economical potential into account, it is not surprising that LEA 
proteins and LEA functions have already been patented. A patent of group 1 LEA 
proteins (PFAM LEA_5) was deposited due to its potential for pharmaceutic-, cosmetic- 
and food stabilization, as well as medical uses (Cushman and Walters, 2004). Also, a 
patent on a method to freeze and or/dry mammalian cells for storage by expressing 
plant LEA proteins has been deposited (Conrad and Allen-Hoffmann, 2005). 
In summary, LEA proteins have a great potential as stabilizers of biological and 
non-biological matters. The application of LEAs could offer a new sustainable strategy 
in the fields of, among others, pharmaceuticals and nanotechnology.  
  
DT and resurrection plants : Preventing the predictable in crops 
Climate change is leaving profound consequences on our planet, rising of global 
temperatures leading to increased sea levels, warming of the ocean, and longer heat 
and drought periods threatening fresh water supply and crop productivity which, 
consequently, impacts food security (Lindsey and Dahlman, 2018; Ma et al., 2018). In 
the same scenario, by the year 2030, the world population is projected to grow to 8.3 
billion people and the demand for food will also increase (FAO, 2017). Thus, 
prioritization for investments in making food systems more efficient and inclusive are 
currently under discussion (FAO, 2017). 
One of the major objectives of breeding crops under the current climatic 
conditions is to develop plants of which growth and development are only lowly 
affected by stresses. Despite the development of traditional crop breeding techniques, 
some of the practices may result in intensification of land use by opening new arable 
lands which, in turn, has an enormous environmental cost including loss of biodiversity 
and increased diversification (Fischer and Connor, 2018; Ma et al., 2018). Also, the cost 
of adapting crops to local conditions is threatening food security, especially in 
emerging economies (Ma et al., 2018). 
The improvement of biotechnological tools is promising in changing the biology 
of plants towards better performance under stress, offering new opportunities to 
improve crop performance under drought conditions (Nuccio et al., 2018). However, 
some breeding technologies such as genetic modification via incorporation of DNA 
elements in a host genome to introduce new traits and induce desirable phenotypes 
have often generated a negative reaction from the general public (Ma et al., 2018). 
 Page | 135 
 
General Discussion 
In this scenario, innovations in genome editing technologies can offer a 
powerful and elegant way to improve and accelerate the breeding of improved crops. 
These tools include sequence-specific nucleases (SSNs), transcription activator-like 
effector nucleases (TALENs), and the clustered regularly interspaced palindromic 
repeats (CRISPR)-associated system (Cas), which were found in nature (Jaganathan et 
al., 2018; Ma et al., 2018). CRISPR/Cas9-based genome editing has been utilized in 
important crop species such as rice, wheat, maize, cotton, soybean, tomato, potato, 
grape and citrus, in order to increase disease resistance and improve tolerance to 
abiotic stresses such as drought and salinity (Jaganathan et al., 2018). 
Knowledge of the major modulators of stress tolerance in extremophiles, for 
example DT in resurrection plants, could be a stepping stone for the selection of 
candidate genes for genome editing technologies towards improved stress tolerance 
in crops. In this context, LEA proteins would be suited as good candidates, since several 
studies have shown that the overexpression of single LEA genes may enhance tolerance 
to stresses in crop species (Babu, 2004; Chen et al., 2015; Fu et al., 2007; Hu et al., 2016; 
Xiao et al., 2007; Yu et al., 2016). However, we have shown that single LEA genes have 
low impact in promoting seed DT and longevity (Chapter 5), and that the expression 
of several genes encoding LEA proteins with distinct biochemical characteristics are key 
for DT in X. viscosa (Chapter 2, Chapter 4). Thus, I propose that the overexpression of 
multiple LEA genes, rather than single genes, may be more efficient in promoting not 
only plant stress tolerance, but also enhancing seed DT in recalcitrant and intermediate 
species, as well as seed longevity in crops. 
In this way, it would make sense to develop plants overexpressing a common 
regulator of multiple DT-related LEA genes. Previous studies have demonstrated the 
role of Abscisic Acid-Insensitive 5 (ABI5) as a regulator of seed maturation, DT and 
longevity in legumes (Verdier et al., 2013; Zinsmeister et al., 2016), and in altering the 
expression of LEA genes and accumulation of LEA proteins (Carles et al., 2002; 
Zinsmeister et al., 2016). Also, we have shown that the ABI5 binding motif is enriched 
in the promoter of several LEAs in X. viscosa (Chapter 2) and ABI5 may thus be, a good 
candidate for targeted overexpression of several LEA genes. However, as ABI5 also 
regulates other aspects of plant development mediated by hormonal crosstalk 
(Skubacz et al., 2016), the manipulation of its expression timing, tissue localisation and 
expression level should also be considered in order to avoid constraints in plant growth 
and development. 
Having in hand all the information provided in this thesis about the major 
processes and genes modulating DT in X. viscosa, one could think of several other more 
suitable candidates for enhancing crop tolerance by genome editing. The most 
important point is that nowadays we have accessible technology to study genomes 
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and their evolution and responses to the changing environment, and also the 
technology to convert this knowledge into more sustainable practices to bring back 
food security and fight hunger worldwide. 
However, a recent determination by the Court of Justice of the European Union 
(ECJ) established that crops created using gene editing techniques, such as CRISPR-
Cas9, will be subjected to the same regulations as those of genetically modified 
organisms (GMOs) (Callaway, 2018). This measure hinders advances in plant 
biotechnology and investments in research towards genome-edited crops that can 
help to assure food security at a faster rate in the current scenario of global population 
growth and climate change. In my opinion, it is time for us, researchers, to speak up 
loud about the importance, reliability and safety of such developments, and try to shift 
the focus of public opinion towards the long term benefits rather than negligible risks. 
 
Where to from here? 
 
With the above discussion in mind I provide below some outstanding questions 
still remaining to be addressed, which could be the focus of future research.  
 
Outstanding questions 
 What is the role of downregulated LEAs 
in X. viscosa leaves during desiccation? 
 
 What is the role of upregulated XvLEAs 
in X. viscosa leaves during rehydration? 
 
 Are CoDAGs present in the genome of 
other resurrection plants and do they 
display similar expression patterns 
there? 
 
 Do distinct resurrection plants recruit 
similar sets of genes at specific water 
contents? 
 
 Are there conserved elements in the 
promoter region of LEAs which are 
syntenically conserved across distantly-
related species? 
 
 Is there a functional coordination 
between the genes conserved in a 
syntenic region? 
 Do LEAs form an ensemble or complex in 
vivo? 
 
 Are there biological functions of LEAs 
specifically dependent on intrinsic disorder 
or folding level? 
 
 Is the cellular water potential the major 
driver of LEA protein folding? 
 
 Are LEAs disordered under biological 
conditions? 
 
 Is the overexpression of AtLEA30 sufficient 
to improve longevity in seeds and rescue 
DT in germinated seeds of wild-type 
plants? 
 
 Would double or triple knockouts of DT-
related AtLEAs influence longevity and 
dormancy? 
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Thesis summary 
 
The acquisition of desiccation tolerance (DT) was critical for plant colonization and 
diversification in environments with limited water availability. Common mechanisms 
underlying DT are shared amongst resurrection plants and orthodox seeds. One 
example is the high gene expression and accumulation of Late Embryogenesis 
Abundant (LEA) proteins during water loss from the cells. LEAs display variable 
structure and are able to perform multiple functions, which facilitates the protection of 
subcellular components against irreversible damage. The knowledge of how DT 
mechanisms evolved and work in a concerted manner during water stress has a 
tremendous potential for agricultural applications. 
In this thesis a multilevel approach has been applied in order to investigate the 
genomic and molecular basis of DT in a resurrection species and in orthodox seeds. In 
Chapter 2 the genomic structure and transcriptomic responses to desiccation and 
rehydration were investigated in the monocot resurrection species Xerophyta viscosa. 
Several genes and gene families were shown to coordinate the activation of protection 
and anti-senescence mechanisms. The results obtained in this chapter give strong 
support to the hypothesis of reactivation of orthodox seed mechanisms of DT by 
resurrection plants. One example of that was the finding of gene family expansions and 
high expression of LEA genes during X. viscosa leaf desiccation. 
In Chapter 3 we explored the evolution of LEA genes in 60 genomes including 
green algae, bryophytes, lycophytes, and angiosperms, in order to understand the 
evolutionary sources of their diversification and responsiveness to water stress. We 
found that a few LEA families are present in the green algae genomes, and the 
expansion of LEA genes correlates with the transition of plants from water to land. We 
propose that the differential synteny and protein evolution of LEAs in angiosperms 
were the main sources of functional diversification within and between LEA families, 
and were the major factors contributing to their role in water stress adaptation in 
plants. 
In Chapter 4 we conducted an extensive characterization of the structure and 
function of six LEA proteins expressed in X. viscosa leaves upon desiccation. In silico 
and in vitro analysis revealed that the selected candidates displayed characteristics of 
intrinsically disordered proteins (IDPs), and that defined secondary structures could be 
induced by solute perturbation. The structural plasticity of the proteins partially 
correlates with their ability to protect enzyme activity in vitro as well as bacterial growth 
against stresses. One of the candidates was also shown to enhance stress survival in 
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seedlings and plants of A. thaliana in an heterologous expression system, constituting 
a good candidate for future investigations. 
 In Chapter 5 we investigated the physiological effects of mutations in four 
individual LEA genes expressed during seed maturation in A. thaliana seeds. The down 
regulation of three of the candidates did not strongly affect seed DT. However, one of 
the candidate mutants, atlea30, displayed lowered DT and longevity, and higher 
dormancy levels than wild-type seeds. The seedlings of atlea30 were also more 
sensitive to germination under heat and salt stress. We propose that the network 
involving LEA proteins is strongly regulated, and that AtLEA30 is downstream of the 
common regulatory network of DT, longevity, and dormancy. 
In Chapter 6 the main findings of this thesis are integrated and discussed in the 
context of previous work. Also, we show how the fundamental knowledge of 
resurrection plant physiology and LEA protein function can contribute to applications 
in material science, agriculture, and food security. 
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